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Smf1.fARY 
This thesis describes a study of metering errors 
encountered when nsing square edged orifice meters with 
corner tappings under pulsating flow conditions. Air was 
used as the working fluid, under incompressible ::low 
conditions, for orifice Reynolds Numbers from 33,800 to 
114,000. A number of meters with area ratios in the range 
.104 to .612 were tested in a 3" bore pipeline. Both 
sinusoidal and nonsinusoidal pulsations at frequencies 
between zero and 50Hz were generated and the pulsation 
amplitude could be varied from zero upwards to the point 
where the flow direction reversed during the pulsation cycle. 
The two major objectives of the investigation were:-
a) to determine the importance of pulsation waveform with 
respect to the square root and temporal inertia term 
• 
theory. 
b) to investigate the effect of pulsations on the flow 
patterns upstream and downstream of the meter and their 
influence on metering errors. 
During the velocity profile investigations flow 
reversals were recorded, especially in annuli away from the 
centreline of the pipe, and a reverse flow sensing hot wire 
anemometer system was developed for use under these conditions. 
Frequency response tests of the pressure transducers, 
and associated pressure lead lengths, showed that the pressure 
leads can give rise to s~gnificant errors at frequencies well 
below that associated with the quarter wavelength resonance. 
3 
The non-sinusoidal test results showed that if the 
temporal inertia were negligible the value of the total 
error was the same as that measured under sinusoidal 
conditions. It was further shown that total error decreases, 
similar to the sinusoidal results, as the temporal inertia 
increases. Similar results, to those obtained under 
sinusoidal conditions, were also observed in increasingly 
negative residual error with increasing Strouhal Number. 
No significant effect due to' varying velocity profiles 
was detected, over the range of conditions studied, except 
when sufficiently large pulsations were present to cause flow 
reversal. 
From the results reported here and those previously 
published by Dr. Mottram it is possible to define a threshold 
between steady and pulsating flow for metering purposes. 
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NOTA'rION 
cross section area. 
amplitude of velocity pulsation. 
amplitude of rt11- harmonic. 
bulk modulus. 
contraction coefficient. 
discharge coefficient. 
velocity coefficient. 
drag coefficient. 
local velocity of propogntion. 
velocity of sound in air. 
specific heat nt constant pressure. 
pipe diameter. 
orifice or meter throat diameter. 
metering crror. 
time delay. 
natural frequency of oscillation. 
frequency. 
electrical current. 
temporal inertia term. 
base pressure parameter. 
thermal conductivity. 
length. 
mass flow rate. 
throat to pipe area ratio. 
nusselt number. 
pressure. 
electrical encrgy. 
R electrical rcsisi.ance. 
r radial distance 
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S projected area of velocity probe. 
s distance. 
T periodic time. 
t time. 
U bulk flow velocity. 
u local velocity. 
v kinematic viscosity. 
w angular frequency. 
x distance. 
X,Y,Z constants. 
~ temperature coefficient of resistance. 
ft throat to pipe diameter ratio. 
o isentropic index. 
b. differential prcssure. 
£ expansj 1Ji I j ty factor. 
~ fluid density. 
¢(t) a cyclic function. 
& temperature. 
d phase angle. 
Suffixes 
c centre line conditions. 
cor corrected value. 
e effective value. 
p pulsating flow conditions. 
R residual error. 
r rtb harmoni c 
rms root mean square value. 
s steady flow conditions. 
~' total error. 
tll theoretical value. 
1 upstream conditjons. 
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GENEHAL INTHODUC'l'ION 
A steady time mean flow with superimposed regular 
cyclic variations is termed 'pulsating flow'. Pulsating 
flow is frequently encountered in practice. It can be 
t . -fZ generated by reciproca-1ng compressors, pumps, expanders, 
internal and external combustion engines~' rotary posi ti ve 
displacement compressors, OSCillating control valves, 
unstable flow situations such as branch pipes and other 
similar devices and situations. 
Under these flow conditions metering devices, 
such as plate orifices, are very susceptible to errors. 
Nuch work has been carricd out to study the effect of 
pulsating flow on flow metering since the ini tia] wor) .. 
20 
carried out hy Hodgson jn the 1920's. IIodgson reeollllllen<ipd 
tha t pul sa t ion shoul d be damped by lIleans of capac i ty t.anl .. s 
and throttling between the pulsation source and flow meter. 
This recommendation is also prcsented in Dri ii sh Standards 
and is generally supported provided that damping is 
zO 
sufficient and acoustic effects are not present. Acoustic 
effects can in some cases give rise to greater error than 
if the damping system had not been installed. Cost and 
space restrictions can also make the use of pulsation 
damping unacceptable. 
The object of the research investigation reported 
here was to measure the errors in the flow rate, indicated 
by orifice meters under pulsating conditions, and to 
(. 
attempt to correlate these errors with appropriate pulsation 
parameters. In addition it ,vus considered necessary to be 
able to define a threshold between what could be considered 
af~ steady, [lJ}ci pulsating, for metering purposes. 
16 
The experimental w(lrk was carried out using air, 
at approximately a tmosphe::-ie pre ssure, as the working 
fluid under incompressibl~ flow conditions. Plate orifice 
. 6 
meters with corner tapping.l, in accordance w1th B.S. 1042, 
were used throbghout the tests. 
When this course of study was commenced, at the 
University of Surrey, research was already being carried 
out within the Mechanical Engineering Department on the 
30 
effects of pulsations upon flow measurement. The results 
of Dr. Mottram's work were, however, not available at this 
21,21,38,39 
time and from other investigations into this subject there 
was no substantial evidence that quasi-steady and temporal 
inertin theory could account for pulsation errors in flow 
metering. 'l'he author's research progrulllllw was tlwrcfore 
planned on the basis that there coulC) he important featurc~s 
of pulsating flow, not covercd by the quasi-steady and 
temporal inertia theory, which might have important effects 
on orifice metering accuracy. 
In previous quasi steady theory analysis the value 
of the discharge coefficient CD is usually assumed to retain 
its stcady flow value despite the fact that it is dependent 
upon many flow parameters. Since CD is sensitive to the 
velocity profiles, both upstream and downstream of the test 
orifice, they were investigated under similar flow conditions 
to those studicd and reported by Dr. Hottram. 
During the investigation of thcse velodty profiles, 
it was discovered that flow reversal was often present in annuli 
away from the ccntreltnc of the pipe, even when there was no 
sign of flow reversal actually at the centreline. Since a 
110t wire anemometer was being used to measure velocit,jes 
eonsidcral)l c error could he recorded due' to the "ree1.j fy~ ng 
11 
effect" upon the 'indicated veloci ty this type of i:lstrument 
has .. during reversals of flow direction. A special probe 
and additional instrumentation was therefore developed in 
order to automatically correct the velocity recorjing 
equipment error. This reverse flow sensing hot wire 
a 
anemometer was subsequently used throughout t11i::; course of 
study. 
All previous experimentation into the effects of 
pulsating flow had been concerned with sinusoidal pulsation. 
It is believed that this is the first time that non-
sinusoidal wave forms had been intentionally generated in a 
controlled manner and siudic(l in detaj 1. The ",avefor:lls Wt'J'(' 
quantified by the use of a harmonic distortion factor, and 
a theoretical analysis is presented in order t.o predict 
error durlng such cases. 
In order to accurately measure pressures, especially 
the r.m.s. values, during non sinusoiual pulsating conditions 
it is necessary for the transducers to respond to harmonics 
of the fundamental forcing frequency. A thorough 
investigation was therefo:r-e carried out to determine thc 
frcquency response of the complete transducer, pressurc 
connecting leaus and signal processing equipment. From these 
tests it was discovered that resonant effects are 
significant at considerably lower frequencies than that 
associated with the quarter wavelength natural frequency of 
the pressure lead length. As a result of these test findings 
a standard differential pressure transducer was modified to 
he integral wi thtl10. ori :fiee ~arri er plate s in order to 
lid ni IlIj He the pre8;;;lln~ lead lcngt})s and accurately measure the 
orifice differential pt'cssure. 
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1.0.0. TJIEOnWfICAL A.~ALYSIS 
1.1.0. INTRODUCTION 
The following theoretical analysis co~ncnce~ with 
a restating of the basic equations, of continujty and 
momen~um, and their manipulation to obtain an expression 
for instantaneous mass flow rate. Quasi stcady flow 
conditions are then assumed and the mass flow equation 
integrated over one pulsation cycle to give thc time mean 
flow rate. This integratjon leads to the commonly 
encountered square root error resulting frolll the inequality 
1'11e total error is stated as 
" ( Spji E = _. I --1 
T I I,; 
and rc~idual error defined as that error remajning after 
the exclusion of square root and secondary device errors, 
i . e. J. ~1 
P 
- -)-. 
IJ-:" 
S 
-- 1 
An expression was obtained fbr the instantaneous 
differential pressure by integrating along the direction 
of the axis of the pipe and it subsequently became 
necessary to introduce an effcctive length for an orifice . 
. 
An equation is presented to predict the amplitude 
of the total error in terms of the root mean square of the 
differential pressure, a parameter which can he measured in 
practice. The pulsation amplitude, ~rm5 ' is given "as a 
ra ti 0 of both /\p and ~s 'J'he diffcrentia] pressure 
measured under pulsating flow conditions, !1p , is 
prefcralJlc in practice sjnee it call be measurcd directly. 
1'11e eqldvalent steady 1'lo\\' dtfJcrential pressure, '\' is 
19 
however prefered in theory since it removes the very 
d.ifficult parameter which is a ratio of two variables. 
Th'.!re are two popular choices of pulsation amplitude 
1I,12,11f 
parameter, the peak to peak (or mean to peak) value,or 
15, ~'1 
the root mean square value. The root mean square value 
of the differential pressure is considered by the author 
to he a better parameter with which to represent 
pulsation amplitude. This is because the peak to peak 
method cannot account for variations ~n waveform. It is 
suggested that past use of the peak to peak parameter may 
have been the cause of unsatisfactory correlation bctween 
experimenter's results and theoretical analysis. 
rrhe integration along the length of the orifice 
also introduces ihe mathematically derived harmonic 
distortion factor, H. This factor is used to modify the 
basic 8trouhal Numllcr, bascd on thc fundamental pulsation 
frequency, for effect of waveform. 
The instantaneous expression for the differential 
pressure is also used to obtain the residual error by 
square rooting the expression and taking the time lIlean 
over 011e pulsation cycle. Unfortunately the rcsult is an 
elliptic integral which cannot be directly evaluated. Thc 
integral has however been calculated by Simpsonvs Rule for 
sine, sawtoothed and square waveforms. Residual error for 
tlwse '''[lVeforms has been calculated and shown graphically 
against the value of J, where J = 2 orr Cc fd 
-: 2 2 (t-c c m ) u , .... 
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The theoretical error is presented for values of J from 
0.01 to 10.0 for a~plitudes of 6 rms from 0.4 to 1.0 
As 
and drillS from 0.3 to 0.7. At high values o:f J, above 
Ap 
10.0, the value of residual error beeomes approximately 
constant and hence these values of "maximum" residual 
error are shown against the numerically cojncident 
val ues of 61'1118 and ~nlls :from 0 to 0.6 
~s 6p 
Similar expressions were not derived for total 
error, resul Ling; from various waveforms, since in practice 
a fast I'espollse djfJercnt.ial pressure device would l)e 
necessary to jdentify tllC wavefol'lll. In this case the 
<1 j f fer (' Jl t,j a 1 <1 c \' ice c 0 U 1 d 1, 11 c n a 1 sol) (' use d toe 1 j 111 i 11 ate 
the square root error effect, and the residual error 
ilw () ry a p p U e (1. 
An investigation was made into the possible effect 
of velocity variations downstream of the orifice. It was 
assullwd that tbe effect caused a decrease jn vena 
contracta diameter as the pulsation frequency increased 
and a corl'ecii.on factor was subsequently deri ved. 
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1.2.0. STEADY FLOW ~mTERTNG 
The two most basic equations upon which flo~ Inetcring 
by differential pressure devices is based are those of 
continui ty and mome"ntum quoted in one dimensional form below. 
can timd ty:- A ~'f1. +~ u A} = 0 • .••• 1 
dt OX 
momentum:- £) u + u Q u + i ;) P = 0 • •••• 2 
-0 t oX P- () x 
Under steady flow conditions the time dependent 
terms ~I2. in the continuity equation and ~u in the momentum 
at bt 
cquation are zero. 
Integrating over the length of the metering devIce 
gives, for incompressible flow:-
r (VI Ai - V 2 A 2 ) = 0 
• Hence: P. t: 1 A 1 = 72 L' 2A2 = ~1 · .... ) 
and:- 1 
+ (P2 - Pi) = 0 • ••• • Ij 
2 2 
ComlJinjng equations 3 and 4 the general equation is obtaincd:-
\ 
1 
2 
sullstj -Luting tJ s for Pl - P2 ' 
11' d22 for the throat area:-
I ) 
m for the area ratio A0 and 
A1 
• •.•. 5 
The one dimcnsional form assumcd for equations j 
and 2 is incomplete as there are viseous shear forces 
bet'oJCCll fluid parti.cles and between the fluid and pjpe walls. 
22 
Velocities are therefore lower than predicted becalse of 
the energy dissipated by friction. The velocity loss 
can be compensated by the use of a velocity coefficient 
c 
v. 
4 
( 
2 TI Jjs 2 )-} 
1 - D1 • •.•••• 6 
• 
H = Cv 
Similarly changes in fluid density during 
expansion, compressibility effects, can be accounted for 
by the use of an expansibility factor, e • 
( 2 1l tJ .. : , t \ -'---~~') -JI 
\ 1 - m'-
• ••••.• 7 
€ can be evaluated for an isentropic expansion of 
a perfect. gas hy usc of equation 8. 
,-----------------------_ ... _--
2 1 m 
(~2) t;1 
1 - \ 1 
• •••••. 8 
f is, hOlvever, not readily calculalJle in the case 
of the orifice meter, because the expansion through an 
orifice is irreversilJle and the isentropic assumption is 
invalid. There further exists the inequality of d 2 # d. 
Equation 7 only directly applies to meters where 
02 = 0, the actualLJ1roat diamet.er, such as with venturi 
tubes, vcnturi nozzles or nozzle meters. In the case of 
(,he pInto orifice 1II01.c1' thc jssujng jet contracts to a 
diameter sJIlaller than the oriJice diamcter. Tl1e point in 
23 
the Jet where the diamcter is a minimum is termed t~lC 
vcna contracta. Equation 7 can be modified to accQunt 
for the vena con~racta effect by the use of a contraction 
coefficient C
c = 
M 
For incompressible flow:-
(
2 12 11s 
2 2 (i-C
c 
m ) 
••••••• 9 
In practice this equation is inconvenient and an 
empirical coefficient of discharge CD is used instead of 
the two separat.e coefficients C and C • 
v c 
. 
N = C t [) ) 
) 
1 
2 
•••••• 10 
Values of CD and E for various metering deviccs 
and configurations of pressure tappings are obtainable 
J'~7G 
from the various codes of practice. 
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1.3.0. A Q{TJiS~TEADY TREony APPROACH _ TO PllLSATLRCi)':l}OW 
NE'l'EHING 
1. 3.1. IN'rUODUCTION 
Assuming that CD and e are independent of time, and 
have the same values under both steady and pulsating flow, 
equation 10 can be applied instantaneously. Applying the 
quasi-steady theory to the problem of metering pulsating 
flow the instantaneous relationship can be integrated over 
the period of at lcast one cycle of pUlsation as follows:-
. 
J.f = 1 
'1' r o . H ( 221)} 1. f~ t 2 T P l-Jl1 0 dt •... . 11 
The time mean of the instantaneous square rooted 
differential pressure is therefore required and not the 1II0l'(' 
commonly obtained squnre rooted time mean of the 
differential pressure. 
f 1 dt ,,(~ r: 1 In fnet 1 1J2 "" P d1y ••••• j 2 T P 
I ( 6 p )} or ~ -2- ~ P 
The use of the quantity on the right hand side of the 
inequality results in the woll known square root error. 
In order for equation 10 to apply instantaneously 
under pHI sating flow eondi t~i ons, the time dependent terms 
dj'l. alld dU in the continuity amlmoJllentulli equations must 
at 0 t 
l1egligjh]e. 
It is only justifiable to neglect the temporal 
acceleration term .QJL if it is small in cOlllparison with tIl(' 
Jt 
fluiu acceleration due to Llie contraction in the Jlow Illet<'rjllg 
device J.e. dU 
d t 
« UdU ----
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This is likely to be the case at low frequencies 
of pulsation, but as the frequency increases so will the 
value of the temporal inertia term. 
Under incompressible flow condi tions the term bTl-
at 
will be zero and can be ignored. Under compressible flow 
eondi tjons however the magni tude of d'[2- would have to be 
~t 
very much Ie ss than tha t of the term J ('[2 u /l) in order for 
it to be negligible. 
Jx 
Equation 11 also assumes that there is no change in 
the values assigned to CD and E between steady and pulsating 
flows. Any error remaining in the in(Hcatcd flm ... rate '''hen 
thc square root effects and pressure measurinp: errors h<1\'e 
been elilllinatcd is 1.0rlllcd residual error. 
1.3. !2. EV 1\ LeN!' r 0\ OF TIlE 1 XS1'Al\'J'A~E()rS n I FFEHE\,T I AI, PIlEssnm 
In order to outain an expression for the instantaneous 
differl'ntial pressure, inclusive of the temporal inertia term, 
30 
Dr. Mottram integrated the continuity and momentulIl equat.ions 
along the length of the flow restriction. For the length term, 
measured along the restriction in the direction of flow, the 
term Le was chosen to represent the characteristic length of 
the orifice. For incompressible flow:-
. 
d N 
..... 13 
dt 
This analysis did make the assumption that Le« A 
whi ell is however reasonable under the pulHati 011 freqlH'lwj es 
stUdied in that, and this current, piece of work. (i.e. 50ng 
maximum frequency corresponding to a wavelength in the order 
of 2!2 ff'cl.). 
26 
The biggest problem associated with this expression 
is the evaluation of Le for the case of an orifice meter. 
It is convenient to think of Le in terms d and use ~hc ratio 
Le 
d 
but much testing would be required in order to determine 
the e:x;act value to be assigned under diffcrent conditions 
of flow and for various m ratios. The analysis further 
assumes that the value of Le is constant for anyone flow 
condition and does not vary with frequency. Howcvc]', the 
use of the term Le is no more inconvenient than must have 
originally been the use of the now well accepted contraction 
I) 
coefficient, Cc = d2 and therefore the expression is 
7 
equally useful in the study of pulsatin~ f]ow. 
1 • ').3. AN EXPRESSION FOR TOTAL ~fETERING EHHOR 
'fhc JIIass flow rate under pulsaUng flow cOllllitiollS 
can be represented by:-
. (1 +0 (t» 1-1 = N · ..... l /J 
n 
where ¢(t) = L CiT sin (1' w t + dr ) · .... . 15 1 
. 
N is the time mean mass flow rate. 
In the absence of pulsations, the differential 
pre ssure acros s the meter would be tJs and is given hy:-
fj,s M 2 {1 C~ 2 = m } 
2 l' (C c Q ) 2 T1 d .... 
4 
· ... . 16 
'fhus: -
lip = !J. s [£1 + ¢ (t)5 2 2 J f0'Y) JJ + • ••••• 1 7 
Where <J = 1 w. Lc 
(1 - C) C~ I) Ill .... ) UI) 
... 
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= 2 r1 Cc h fd 
....... . 18 
(1 - C2 m2 ) d Ud c 
11 
and .~, (t) = w I1 ar r cos (r w t + or) •.••••••• 1.9 
Since the time mean value of the differential pressure 
is given by :- LIp = ~ rLlp at by expansion and 
time averaging of equation 17:-
t:.p = 
....... . 20 
It is also noted from equations l l f and 1~ 1,11at:-
= nils = (urlJls \I~ 
\0 J 
••••• !.! 1 
Hence 
C) .) 
..... '--
Therefore assuming no error in the flow meter secondary 
device t11e total error, 
=(~ry-l= - 1 •••••• 23 
TIowever, in order to be able to use expressjon 20 it is 
necessary to have detailed knowledge of ¢(t). Tllis is not 
readily available in practice from differential pressure flmoJ-
metering devices since it would require n detailed velocity 
traverse using a hot wire (or other) anemometer for every 
pulsating flow condition. 'l'h(~ possibility of ohtain:ing a 
correctioll factol- from the pressure ]'ec:ulillgs .is i.J}(,l'ef()r<~ 
investigaipd. 
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1 .3. If. 'l'OTAL ERnOn IN TEHMS OF HEAS1JHABLE DIFFEHENTJ AL 
PHESSCJlE PArL\~IETEHS 
The most convenient pulsation parameter is the rms 
Value of the a.c. component Df the differential pressure. 
Since the meter must be provided with pressure tappings, for 
the differential pressure, it is only a small addition to 
provide a pressure transducer froUl which the r.l1I.s. value 
can be obtained. 
Continuing from 17 above:-
,,,here 0(1) and ~,(t) are defh}(\d by equaLions I] Hlld 1(1. 
Squad llg:-
') 
- II J 0' ( t) 0 - ( t ) 
lV 
,Ex: pandi ng the terms, using equa tions 15 and 19, and taldng 
the time mean gives:-
where r;lq 
11 
L r r n } 2 C) f) C) C) C) n,. a(j 'I,J- a;r .... I 0 + + + 't <1&-'1 ') 1 - -1 
Since 2 ~ 
2 
then ~ollecting like terms:-
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+ 
where r:/: q 
2 
ar 
2 
8/t _\n
1 
c:l r 2 Jlq 2 
S- L 2 
Using equation 20 in order to replace the normally 
unobtainable Ljs:-
1 
2 
ap2 J 2 
2 
r~q 
L~ 
",here II is the lIarmonic Distortion Factor as <1(~fin('d hy 
f - n ,) I) \ I n 0 
Dr. Nottram as (~1 r- ~r- -) / It D{. 
'1 " 4 r 
- t) 
0-
..... -:; 
[It will be noted that equation 2) is a more rigorous 
form of Dr. Mottram's equation 1./26 siliee terms such as a r a q 
2 and ar can be significant. 
e.g. consider a1 = .7 , a 2 = .6, a3 = .3 
i.e. 
i.e. 
The definition of H, from equation 25, is interesting 
to note since it is seen to multiply the J term in this 
expression. From the definition it can be seen that the value 
of H is dependent upon waveform and resonance effects and is 
unity for a sine wave pulsation. Therefore the II term 
JIlodifies the Strou]lill llulllhcr, as hased on tIle fundnmcntal 
freqllc)]('y, for HOll sinusoidal waveforllls. 
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The term II fd is therefore called the effective strouhal 
-
Ud 
number. 
Since for the vast majority of practical applications 
the flow does not reverse di;_~ection, and flow "bae!uvan!s" 
through the metering device at any time in the pulsation 
cycle, a is always less tUan unity. Further assUllling a r ? r r q 
theI~ 4 andL: 2 2 terms in equation 2,IJ a r + 1 a r ar aq 
8 2 
call be neglected for an approximate solution. 
From equations 20 and 211 
( t\ nils \ 2. r I. ( Urms \ 2 C) C) \ 1 ( 1 + lI-,J-) = L I - . ) <) \ U \ [\p I i1 + ( lInus \ - J j I 1 I L \u ) ) 
now substituting for(~mS) from 22 and re-arranging:-
+ j )
11 ( I~ _ /\ rIlls 1 2 - (E T + 1) + 1 = 0 
solving the quadratic gives 
2 1 
= )1 \ l-2 E + 1 I I (1 } [1 - (~rms ) T t! ~p + n2 J 2) I (1 I ! 
Since ET must be zero when I\rllls 
Lip 
-' 
is J':cro tile 
alternative solut.Jon usjng the minus sign is invalid. 
1 
1 
--2 
1 t r (1 r ( ~rms l2- 1--2-F . 1 + ! 1 - 1 = J'r ~- I I I 2 L\p (1 <) () I + lI~,J-) J l L J 
- 1 
-1 
....... ~ () 
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1.3.5. 'rHEORETICAL EVALllA'I'ION OF RES I DllAL EnnOHS FOr~ SINE, 
SAWTOOTH, k"\D SQUAHE \~AVEFOH~tS 
The error :remaining in the indicated flow rate when 
the square root, and secondary device errors, have Deen 
eliminated in termed the residual error. Excluding; residual 
errors arising from possible deviations from the quasi steady 
theory, such as velocity profile effects, density changes 
etc., an attempt has been made to evaluate the amplitude of 
the residual error arising from neglect of the temporal 
inertia term, du in the basic flow equations. 
dt 
From equation 17 by taking the square root and then 
01) t a j II i Jl g l1le t i III e III can: -
= 
now residual error 
1 
r1' 
dt 
- 1 
Hence E R = 1 
'}' 
<1t - 1 
••••• '.2 7 
'30 
'1']}e expression 1/31 obtained by Dr. Mottram, for 
residual error is worth a brief discussion at th:is point. 
The equation was obtained from the expression for total 
error 1/30 minus the same expression 'vi til. the exception of 
t11e n2 J2 term. The n2 tJ 2 term arose from integration of 
the temporal inertia and was assullled to represent the only 
contribution to e1'ror lIIade by the effect oJ tho temporal 
iner Li u. 'l'hereforo the second part 0(' expression 1/31 is 
supposcd to rejlI'oscnt tho errol' l'ellluinjng in the absence of 
tCIIl)lonti illcrtia ef'Jel!Ls. However, the assumption is therc-
32 
fore made that the value of ~rms would not have been 
/Js 
different had the temporal inertia effect not been present. 
Fur~hermore the use of the ~rms value is not of great 
t1s 
p:actical use since ~s cannot normally be obtained and 
substitution of 6 rms would necessarily lead to further 
Dp 
erroneous assumptions. 
1.3.5.1. Sinusojdal Pulsation 
Considering sinusoidal 
a ~t ~'\ 
! \ 
pulsations, 
i. c. ¢(t) = a sin (wt) , equations 2 /J and 2) 
t· rms y <) ( 1 <) Ii = 2a- + J'"") + a 6 s 8 
~:ms ) 2 {"2 ( 1 <) and = 1 _a + J"-) [J J 
') 
2 '"" 
+ a 
"2 
from which 
a = 
and. 
a = 
1 -
respect.jvely. 
give:-
• •••. 2 ~ 
I~ ()() 
+ ~ J ..... '""~ 
.... 2 2 
<) } 1 J 1 .. 
• •••• • 3() 
· .... . 31 
33 
Equation 27 for sinusoidal pulsation gives:-
= 1 
"2;f 
+ 2aJ cos(wt)J-~ dwt-1 
Unfortunately this function is an elliptic intcgral 
and cannot be integrated directly. 
The expression has however, been integrated by 
computer and the results plotted against values of both ~1'ms 
lis 
and 6 1'ms , figures T1 and T2. 
Dp 
It can be seen from these graphs that the predicted 
magni tude of the residual error remains very low Ull ti 1 a 
thresllOld yalue of J, which decreases for incrensed plI]sa1 ion 
Bmplj tlldc, is reached. '1'he value 01' tIle l'esjduul errol' UJ('1l 
increases until it becomes asymptotic to a constant value 
which increases ,vi th increasing pulsation ampli tude. 
The asymptotic valucs of the ·residual error were 
computed using a very high value of J equal to 316. 
corrcsponds to a pressure pulsation frequency in excess of 
115,000 liz; for a .392 ill ratio orifi ee pla te wi tll a mean throa t 
velocity of 100 ft/see). Under these circulllstanccs, of a 
yery high J value, the value of the residual error at a 
fixed value of !~l"Ins only varies nduutely fromLJHlt olltajncd 
b s 
when using the numerically equal value of .L1 rms 
Li p 
are shown graphically in figure T3. This implies that for a 
pulsation amplitudc of ·'\nns less than .28 t]1O maximulll 
hp 
resi dual crror ,,'j 11 not exceed 1%. Similarly the maximullI 
34 
value of residual error lil{ely to be encountered at an 
e~isting value of pulsation amplitude can be determined. 
1.~.5.2. Sawtooth Pulsation 
Now considering a Rawtooth pulsation waveform 
represented by:-
wt 
.. 
¢( t) =~ (sinl<t-! sin 2wt +~ sin 3l<t-! sin Ilwt+%Sin 'jl<t-.g.sin(M1,) 
.... . 32 
cqua 1ions !2 1j and !2j can again he used ancl 1hc varj ous sUlllat i OilS 
calculated to give:-
(6r .. s ) 2 (Y+Z J2) 2 - X It ••••• 33 = a a 
\ t1 s 
and (6r .. s ) 2 { J2) 2 _ xa 4 } = 1 (y+Z a .... . 31J 6 p (1 + Ya 2 ) 2 7i 
'where X = .078 25 
y 
= 1.208 87 
Z = 4.863 42 
From which:-
(f:. rms ) 
(IS 
2 ) } 
••• 3) 
2X 
and , 1 
r ( 2 I ) 2) ;, 2 2) '2 2 I) 2 \ ~ 11' :.! 
a= j;\Y+Z,J -11)r~!I,.I_-/lIS .J!yr_~rrlls\ - Y-7"J, _11 (/),_l_-II\S',I' \( X + y .... fA.\·llIS\ \\ , 
. l\7""1 I -\ ~~-I i I I 
.... [\ P ~ '2 \ E p / d P I J () '. 1.1 Jl ) , '/ 1 1 __________ ----------------_________________________________ 1 
l 2 (x + y2 I j\ l'IlIS) '2 \ _ TG \ -~i)- ) J 
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The elliptic integral, equation 27, has again been 
stepwise evaluated by computer and figures TIl and rr5 
represent the residual error plotted against J for various 
values of ~rms and Arms respectively. 
6s Ap 
These graphs show that for sawtooth waveform 
pulsations there is a similar trend in residual error against 
1:. rms 
lis 
and A r ;l\s 
Ep 
to that obtained for sinusoidal pulsations. 
However, for given valucs of J and b rms there is a greater 
AP 
residual error for sawtooth pulsations than that obtained 
under sinusoidal pulsations. When plotting the values for 
~nns it can be notcd that for thc lower va] lICS of pul satlo/l 
lis 
amplitude, i.e .• Ll and .63, there is a greater indicat.ed 
error under sawtooth pulsations. At tlle higher values of 
pul sa tion ampl i tude, as shown by ~rms ".8, the sawtooth 
l:!s II 
pulsation still gives a higher error at the lower values of 
J but at higllCr values the indicated error is less tllan that 
predicted for sinusoidal pulsation conditions. 
As with sinusoidal pulsations the values of the 
residual errors for numerically equal amplitudes of ~rms and 
boS 
Arms become coincident at high values of J and hence 
.6p 
rcstdual error has been plotted against both I~nl\s and !'Jrnls in 
lis A p 
figure rr6. 
of 1\ rms 
lIS 
It is shown in this graph that for a gi.ven value 
or t'lrrns , Ie ss than .6, the maximulIl error ob tained 
b p 
is greater than that expected to be incurred under sinusojdul 
pulsations. 
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1.3.5.3. Square-Wave Pulsation 
Finally considering a square waved pulsation condition 
gi Vim by:- ).¢t 
yl(t)=!~a (Sin \"t+~ sin 3,;t +; sin 5,;t +~ sin twt + ~ sin 9wt +~1 
\ 
sin llwt\ •. 37 
) 
thc pul sa t i on ampl i tude s from 23 and 211 are:-
":"-'; 
•••••• _) J 
1 
..... . 39 
x = .200 98 
y = 3.865 21 
Z = 8.874 56 
lIenee: -
a = 
2 (y + Z <J ) -
l •••• • 1j 0 
/1-1 . . . . . .', 
31 
Figurcs T7 and T8 show the computcd values of 
re3jdual error plotted against J for a range of Lj rill Rand 
Z:s 
~r~s values. The maximum values of residual error are again 
IIp-
pJottcd against the numerically coincident values of L1nns & /,rms, 
D.s ~. p 
figure T9. The graphs all follow similar trends to those 
obtained with' sinusoidal and sawtooth pulsations. 
Comparing the square wave results with those obtained 
for sawtooth pulsation it is predicted that for given values 
of J and ..6 rms the error will be less for the lower values of 
/Is 
J, but '''ill be greater at the higher values of J. However 
for given va 1 lie s of J and /\nlls there is a greater 1heoreU ('[11 
lip 
error rnagld tude for the lowest value of pulsation alllpli lUlIe, 
but less error 1'or Dnlls ~ .~, at all values of J. The 
Llp 
calculated Hllues of maximum residual error also follow this 
trend in that a greater maximum error"is predicted for the 
square wave pulsation for values of ~nns or L;rms less than 
LIs .6p 
.39. For higher amplitudes of pulsation the square wave 
pulsation appears to cause less maximum error. 
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1. 'f.O. CQ~STTH:nA'TTOXC'0l"_ POS~InLE J1E.Y~ATIQ~FnQ~LTIlE . BASIC.. 
QYA~).n STEADY TUJ':(>J{Y 
1.~.1. Variations in the Value of the Discharge Coefficient 
CD 
It can be seen from equation 10 that the. discharge 
coefficicnt CD is derived from both the velocity and 
contraction coefficients. From this analysis the empirical 
coefficient CD should therefore take into account the effects 
of non-uniform upstream velocity profiles, friction losses 
and contraction of the jet to a diameter smaller than that of 
thc metering device throat. Standard values of CD and E for 
various metering devices and configurations of pressure 
1):~.6 
tappings are obtainable froll1 the various codes of practice. 
The value assjg;ncd to C
n 
can also ue modified by o1l1cr 
HI 
physical aspects such as pipe roug:hness, Reynolds Number 
:,3 
effects and l'atlius on inlet of orifice plate. 
This last dependence is of particular importancc 
should any flow reversal ue present at the orifice during 
severe eoncUt:ions of pulsating flow. The recommended standard 
orifice6 has a square edge at the upstream face, but a 30 0 to 
o 115 chamfer at the downstream side. Hence during flow 
reversal the value of Cc is likely to be numerically larger 
than during forward flow. 
Furthermore the value of the contraction coeffictent 
may not be constant uut depcndent upon pulsation frequency. 
The value of CD is known to vary with Reynolds Number so the 
cyclic variation of Red during pulsating flow conditions could 
wcll Imve an cffect upon Cc ' 
39 
Suppose for example the effective diameter of the 
vena contracta did not remain constant under pulsating flow 
conditions, but varied inversly with frequency. With greater 
velocity disturbances, at higher frequencies of pulsation, 
turbulence from the internal circumference of the orifice 
plate may well reduce the effective jet diameter. 
Assuming a variation of the form:-
= 
2 (1-Zw) C
cs ...... . 42 
where Z is a constant. 
(lIence when \,':=0 C
c 
equals the steady flow value C
cs
) 
cor 
and examination of equation 23 ~ives:-
Ii' 
"1' ~ (;~ ) - 1 
E = ( ,0. p cor \ T cor - ) Ds 
lIcnce - 1 ••••• • It 3 
Therefore using equation 16 and making a first 
-
approximation t,o correct the rccorded readjng of.6p for the 
smaller vena contracta area:-
1 
( E + 1) l'J -2-Tear ·s 
Ilence:-
Wllerc Y 
and:-
c 
cs 
F -
'Teo.' 
= (1 
- 1 
C 
cs 
Co cor 
'J 
(1 - C~ 
cor 
1 
22 
m ) 
.) t 
m .... ) :.! 
C 
ceoI' 
-. 1 
1\ -". 
-p-
••••••• ~Jl 
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This implies that as C
c 
reduces in value fo)' 
increasing forci ng frequency the val ue of ET tends t,o be 
overestimated when.calculated using the steady flow value 
of contraction coefficient. 
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2.0.0. TITE ExJ?f,nnrrXTAL-TES.T....-EAQILIT.Y ,AKD, )}II'OltTA'il, 
DID:fJ,iU.»!E>-:T ,J)E }L~J OiLEAHA~!I':~n:H ~Jh~~J Jl E~IE~:r, 
2.1.0. INTRODUCTION 
A brief description of the experimental test hard-
ware is included to help explain the method of te.3ting and 
conditions under which tests could be performed. 
Since non-sinusoidal pulsations contain significant 
harmonics of the fundamental forcing frequency, it was 
necessary to ensure that the pressure measuring devices 
could respond accurately. Tests were performed to determine 
the frequency response of typical pressure transducer 
installations. A modified diffcrcmtial prpsslIl'C tl'allstiuccl' 
was sul)sequenily developed and its )H'rfol'lIIan('(> eva1Ilal('<1. 
A hot wire anemomC'ter that cOllld compcnsatc for 
!-I 
errol'S duc to Jlow reversal was developed for use undel' 
large amplitudes of pulsating flow. 
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2.2.0. TIlE EXPERDJENTAL TES'I' FACILITY 
2.2.1. INTRODUCTION 
This investigation has been carried out u~ing 
basically the same test fa~ility as that used by 
Dr. R.C. Mottram for his experimental programmc on 
sinusoidal pulsation effects on orifice and venturi-no7.z1e 
meters described in reference 30. The author assisted 
Dr. 1-fo t tram during some of hi s la t ter work and t11(' i'e is 
therefore considerable continuity between his work and work 
described here. 
Full details of the hasic experilllental rig and 
instrumcntaUoll are included in refcrCllCP 30, hilt. n llripl' 
descript ion is givPIl here to aid the ]'('<ldl'I', 
Air was choscn as thc \"or}dl1g fluic) I)(~('all~;(,; it js 
readily available, clean, and its 10'" dcnsity means lcss 
energy is required to generate flow pu] sa t,j ons. AI] the 
tcsts included in this course of study were carried put 
under incomprcssible flow conditions. UShlg air as t11e 
working; fltd d, howeve r, has the advan 1.[1 ge tlHl t by s i IIIp] Y 
increasing the meter differential pressure, hy a not too 
excessive amount, compressiblc flow condi tions can 1)0 
obtaincd. rrhe layout of the rig is s11o\,'n in Figure 1. rrlle 
air flow is controlled by a two stage prcssure control 
system, governing the flow through a critical no"-"-le. A 
two rcvolution precision bourdon - tube gauge is ll~ed to 
measure the pressure of the supply ab:, :i.J11ll1edi a tely upstream 
of thc n07:zlc and this pressure can be maintailled to witlJiIl 
± 0.1%. S:ince the pulsator is dowllst.ream of t.lw critical 
nozzle, and ~wpaJ'[d,cd frolll it by a settJ ing chulllhpl' and a 
floW rcs-LricLion, the IIIcun flow raLe' at. Llle tl~sL scction (<III 
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be maintained under both steady and pulsating flow conditons. 
The rig uses cold drawn steel tube of 3.2 inches internal 
diameter with approximately 56 diameters of straight pipe 
both upstream and downstrl~aJll of the test section. The 
downstream pipe discllarges the air, via a diffuser, directly 
into the laboratory such that the pressure at thc downstream 
face of the test meter is virtually at atmospheric pressure. 
2.2.2. Thc Pulsator 
It is important that when artificially generating 
flow pulsations, to study their effects on flow metering, 
other Jd nds of flow disturbances, such as swirl and 
asymlllet.rical veloc..;ity profiles, are not also proliucpd. 'l'Ilt'S(, 
other flow parallleters can also cause llIetering errors and 
henec cOlllplicate the study of pulsatillg flow error's. It is 
believed t11at such secondary flo'w disturbances lIlay have 
existed and sulJsequently modifjed the results ohtajned in the 
22 ~~27 3~~' 
work performed by Jeffery, Nosely and Sparks. 
Test facilities other than that already in cxistancc 
at thc University of Surrey were considered, principally tlw 
rotating siren type, but it was decided that there was still 
a consi derallle volume of useful work which shoul d he can"j p(} 
out using thc existing rig, especially in the light of its 
weI] proven performance and versatility. 
'1'he pulsaLor, as designed for sinusoidal wavefll},)II'S 
uses a 6.5 inches diameter piston and cylinder sited at Lhe 
upstrcalll cnd, and coaxial with, the main test scction of Hw 
air .flow rig. 'rIle eloscly conLrolleu flow 01' all' entcrH I.}](\ 
pipe round the outside of this cylinder, through flow 
str(ligllLclljn~r, guide vanes, flow rcstrietlon and ('one slIP )('(1 
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entrance piece as shown in figure 2. In addition to not 
producing swirl this configuration also provides for; 
adjustment of the velocity profile by variation of the gap 
round the edge of the cylinder through which the ai? passes 
into the pipe upstream of the test section and also cooling 
of th~ pulsator cylinder. Increasing the gap between the 
end of the cylinder and the cone piece tends to flatten the 
velocity profile. The author made a modification to ]lrovide 
greater control over this gap. This enables the "Q" factor 
and any asymmetry of the velocity profile to be more closely 
controlled. An expansion tank was provided for the air 
caught behind the piston during its return half cycle thus 
greatly reducing the input power required to cOllipress t1lis 
ajr. TId stank \,'as included rather t.han vont.ing to 
atmosphere to avoid the problems of scaling the piston Lo til(' 
cylinder by pjstOll rings. 
One of the prime considerations of the origi.nal 
dcsign was the ability to vary the amplitude of pulsation 
independently of frequency while the pulsator was running. 
Ei ther ampli tude or frequency could then be maintained cons UllI t. 
while the other parameter was varied. '}'hc piston and cylinder 
design made this requiremel1t possible and was also capable oJ 
producing large amplitudes of pulsation over a useful range 
of frequencies. 
In its initial stages the pulsator consisted of u 
Single crank driven through two self locking worm and wl1eol 
rcduction gear pairs. Rotation was applied to the stro]{C 
changing mechanism shaft, which rotated with the hub 
supportjng the crank, by means of a d:iffC'J'onLial gear hox. 
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The single crank design gave rise to very large out of 
balance forces and unacceptable levels of vibration at all 
but very short piston strokes and low frequencies. The hub 
and crank assembly was supported, and rotated in, a 5.75 
iLches diameter, by 2 inches wide, plain brass bearing. This 
bearing absorbed a large amount of power thus limiting the 
maximum working frequency of the pulsator to about 17 lIz. 
As part of his contribution to the rig development the 
author made the modifications to the hub bearing and cran]\: as 
described below:-
The large plain bearing was replaced by a pair of 
roller bearings and a forced oil supply installed "'hi ('II, ",jtll 
the addition of the rear expansion tank previously IIIClltiolll'd, 
greatly reduced the pulsator power consumption. 
A dummy crank, diametrically opposed to the piston 
cranli: and dyi ven out from the hub in the 0 ppo site d i ree t,i 011 to 
the piston crank, was installed to reduce the out of balance 
forces. The du~ny crank ",as driven by a second worm and wheel 
reduction gear mounted on a new cross shaft specially 
lengthened to support both worm gears. The existing piston 
crank shaft and bearing had to be lengthened to accommodate 
the dummy crank and counterweight. It was however not p()s~;jbl(' 
to include sufficient weight on the dUlIlmy cranli: to simUlate the 
lightened piston crank and piston load. It was therefore 
necessary to clamp weights to the hub, each of which 
correspondcd to a range of strokes, to achieve better balance. 
See appendix 1. 
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With these two major modifications the design speed 
of 50 Hz was achieved with sufficient stroke lengths to 
produce the required range of pulsation amplitudes. 
In the winter of 1971/72 the pulsator piston and 
cylinder were replaced by a modified piston and cylinder 
whicll enabled distinctly non-sinusoidal waveforms to be 
produced. As far as the author is aware tIlis was the only 
work intentionally carried out with non-sinusoidal waveforms 
and estimations of the harmonic distortion faeton, used t.o 
process the results. 
The original 6.5 inch diameter piston and cyU nder 
were replaced by a 5 inch diameter cy1 hIder wj 1.11 a 11I1111lJe1' of 
rectangular slits, l/S jnch wille oy 7/16 jnch long, 
c qui S IJ ace dar () II n d 1, 11 e per i ph c ry . Th e (' n d 0 l' t. his (' y] j nc 1 (' r 
was sealed to thc pjpe cone shaped entrance piece by moans 
of a corl\: seal so that the controlled, constant, flO\V' of ai I' 
could only enter the test pipe through tho radial slits in 
the cylinder '\\'all. The:3 inch diameter piston has a 1 1:3/1() 
inch long skirt such that the pulsator then acted like a 
spool yalve to control the flow of air into the test pipe. 
Material lvas removed from the piston surface, until the sldrt 
was only supported by three spokes, to minimise the 
sinusoidal pulsation effect superimposed upon the desired 
spool valve mode of opcration. With the piston surface 
relieved there was less drag acting on the piston ,and higher 
frequencies wi tIl longer lengths of stro}w '\vore possi b] e. f],l1l' 
holes at the rear of the cylinder connecting the test pipe to 
the rear expansion tank were blocked to relllove the 
attenuating effect thi~ tank had upon the alllplitude oj' 
pulsation. f1'ho complctc l1Iodif-icd system is shown jn f'igllJ'(~ ). 
56 
The centre of oscillation of the piston was I,ositioned 
11/32 inch upstream of the centre line of the slits such that 
by increasing the le!1g th of stroke, the ratio of no flow to 
flow over the cycle time, could be increased. The waveform 
distorts with passage along the pipe, however, and. ~ince the 
extent of the distortion is frequency dependent it was not 
possible to mailltain constant waveform and amplitude at the 
test section over the frequency range 0 to 50 Hz. Tests were 
performed at constant r.m;s. amplitudes and the harmonic 
distortion factor used to typify the waveform. Sec Section 
3.5. 
2.2.3. Instrumentation 
Since the flow through the measuring device is 
proportional to the square root of the pressure loss, 1.1w now 
parameter considered to be most important was the differential 
pressure drop across the meter. A transducer with a 
symmetrical differential pressure SeJlSOr was therefore selected, 
for this vital measurement, in preference to two separate 
transducers with the inherent problems, such as ~ero drift and 
gain mismatch. There are very few transducers, commerically 
produced, suitable for measuring dynamic differential pressures 
but the S.E. Laboratories Ltd. type SE150 is such a device. 
Similar type transducers were also used, with their secoud 
parts vented to atmosphere, to monitor p~pe static pressures 
approximately three pipe diameters upstream, and downstream, 
of the floW meter under test. Details of the installation and 
special considerations regarding these transducers are given 
in Section 2.3.2. 
'1']1e processed outputs from these transducers enahl cd:-
51 
1) Uonitoring of differential, upstream, and downstream, 
pressures on oscilloscopes. 
2) Mean values to be obtained via resistive/capacitive low 
pass smoothing filters and a digital volt meter. 
3) Root mean square values to be obtained on a true r.m.s. 
meter. 
4) Wave analysis by the measurement of the amplitude of any 
harmonic upon a wave analyser. 
5) Instantaneous mean of the square rooted differential 
pressure (/E ) to be obtained. 
rfhe instnntancOlls vnlueof the squnre roojp(] 
differential preSSUL"e ,,"as obtained frolll LIle meter c1Jffen~llj it]] 
pressure rending transducer and a square rooting clectronic 
circuit as shown in Figure 4. The mean value was again 
obtained by use of an R/C filter. 
water in glass "u" tube manometers were also provided 
to directly display the differential pressure across the 
meter and the upstream static prcssure. These manometers 
provided a rough chcck on the electronic pressure transducers 
during steady flow and could also be used for a speedy 
estimation of static calibration. The installation and 
consideratlon of the operating accuracy of these manometers is 
alsO discussed in section 2.3.0. 
Thermocouples and an automatic cold junction thermollleter 
uni t were used to measure air temperatures immediately upstream 
of the critical noz,,10, in the settling chamher downstream of 
the nozzle and about midway between the pulsatol' and the test 
seci-jon. 
Hot wire anemometry methods were used to make air 
veloci ty measurements. Th,} very small sensing ele111ent of 
the hot wire probe enabled measurements of very nearly point 
velocities to be obtained a~d hence by traversing tIle probe 
across the pipe section i~ was possible to obtain velocity 
profiles. The test sections allowed velocity traverses to 
be performed approximately three pipe diameters upstream, 
and from 7 inch to ~15 inches, in 1. inch steps, down-16 J'Ib 8 
stream, frol11 the upstream face of the orifice plate under 
test. 
During this course of study a technique was develope!} 
for correcting the anemometer output signal when flow 
9 
reversal occurred ov('r part of the pulsai.i on cycle. 'Jllw 
source of tllis error anL! the eorreeti 11P; t P('lllli l}\ll~ ill'(' 
de scrilJed tn de tai 1 in sec ti on 2. '1.5. 
'r11e anemome to r 1 ineari sed ou t Jlu t. wu s use tl t.o:-
1) monitor velocities on an osctllosco]lC'. 
2) obtain moan flow velocities via a resistive/capacitive 
loW pass smoothing filter and a digital volL meter. 
3) obtajn the root mean square value of velocity on a true 
r.m.s. meter. 
II} perform wave analysis by the measurement of the ampli tHdc 
of any harmonic upon a wave analyser. 
The frequency of pulsation was measured directly 
from the pulsator using a disc, with ten equispncccl studs 
round its periphery, mounted on the main drive shaft. A 
magnetic proximity transducer and a frequency met.er enabled 
the frequency of pulsation to be determi.ned, to wjthi.n 
:!: • 05 liZ, n 11 Ii r C ]I wL i i, i vel y dis pIa y e d . 
59 
The pulsator length of stroke was indicatcd by a 
mechanical counter geared to the stroke changing mechanism. 
This can then be converted to linear measure by usc of a 
predetermincd calibration. Sec figure 5. 
The humidity of the air issuing from the downstream 
end of the rig could be measured with a wet and dry bulb 
hygrometer suspended in the air flow. 
The instrumentation points and electrical signal 
treatments can be seen in figures 6 & 7. 
2.2.3.1. Electronic signal filter, frequency response elw('ks 
During the summer of 1971 tests were performed to 
determine the upper frequency limits to which each piece 01' 
electronic signal processing equiplllent exhihited ,'onsLant !r"in 
response. It was feared that as the instrumentatioll ]1<.H1 1)('('11 
rapidly cxtendcd, to provide more inforlllation, interaction oj' 
components lIlay have affected the performancc of thc Hie 10\V 
pass smoothing filtcrs. 
A variable frequency signal generator with adjustable 
offset d.c. voltage was used to feed each system, in turn, 
and a n a. c • I d . c. dig ita 1 vol t met e r was use d t 0 111 0 nit 0 r t} J(' 
test signal. The various recording meters' readings were 
noted whilst the test frequency was stepwi sc increased. 1'11(~ 
instrumentation systems and their respective points of tesl, 
signal injection are shown in figures 8, 9 and 10. After a 
modification to the hot wire instrumentation system the 
frequency response for all the fil tel's was acceptabJ y cons L<lll t 
from d.c. to 500 lIz. The results of these frequency response 
tcsts arc presented in table :to 
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FIG. 2 THE PULSATOR 
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11 
TIlE HE5FP"\'SE OF DTAPTIRAGN PRESSUHE SENSORS .\ND 
CO~~ECT.I \(1 LEADS CXDEH PULSAT1NG l"L(J\i CONi)' ri(['Js 
2.3.1. INTRODUCTION 
The quarter wavelength natural frequency, oi 
approximately 350 Hz for the original differential pressure 
transducer connecting leads of si inches length, wa~ not 
considered to be significant with sinusoidal pulsations up 
to the highest working frequency of 50 Hz. ITowever, with 
tests to study the effects of nonsinusoidal pulsations it 
is necessary for the differential pressure transducer, 
leads and carricr system to respond, with essentially 
constant gain, to harmonics of the maximum fundamental 
forcing frequency. It is therefore necessary to know the 
nature, i.c. "Q" factor, of the resonancc peaks. 
It has already been explained in section 2.2.3.1. 
hoW tests were carried out on the electronic signal 
processing system. From the pressure transducer 
manufacturer's data, however, it was realised that owing to 
the demodulation of the 3 k Hz. carrier frcquency thc out-
put amplitude of the inductive pressure transducer system 
would be attenuated by the order of 10% at 500 Hz. 
It was therefore considered essential to check the 
frequency response of the pressure transducers, associated 
connecting leads and carrier system by directly applying 
known pressure pulsations. 
,. 2 PRESSFHE THA.N"SDlJ(;EH INSTALLATION 2.) •. 
1t3,'i 't, -15 
Dr. T.J. Williams has stated that manometer pulsation 
errors can arise from one or more of the following sources:-
"1. Wave action and attenuation in the manometer 
COJlllccting lcads resulting in distortion at the 1U<.1l1011lcter of 
the origiIwl pressure - pulsation pattern. 
72 
2. Volumes included in the manometer conne(~tions 
or forming part of the manometer itself. Errors occur 
whether the volumes are symmetrical on cither side of the 
manometer liquid column or not. 
3. Restrictions or throttles in the manometer leuds. 
4. Nonviscous damping of the manometer liquid 
oscillation." 
and that:-
" •••• a manometer gauge must satisfy the following 
requirements if pressure-pulsation errors arc to be 
eliminated: 
1. The length of the "gas" filled leads from the 
source of pressure to the manometer liquid surface t.o lw 
as short as possible, and the cross sect.ion of t.he 1eads 
to be uniJorm. 
2. Damping to be confined to the manometer Uqui d 
or liquids and to be viscous in nature." 
Some of these sources of error and reeolllJllendatioJls 
equally well apply to the inductive typc of transducers 
and their associated pressure connections used throughout 
this course of study. The pressure transduccrs were 
therefore installed lqith the minimum lengt.hs of pressure 
connecting leads possible and great care was taken t.o 
ensure the bores of the pressure paths, and fi ttings, wer<~ 
constant throughout. 
It has already been mentioned that S.E. Laboratories, 
inductive type, differential pressure transducers were 
selected for t]18ir physical suitability and d.c. stahility. 
Wi th the 'iorking range of fundamental frequcJlcj (!S 1w10w :';0 11:1. 
the na iural frequency of the dj aphrup;1Il and He 1111110 1 (,:1. rc SOllanC(! 
13 
frequency of the .025 cubic inch volumes on eithcr ~idc 
of the diaphragm, above 4 k Hz and 1.5 k TIz respecti.vely, 
were considered to be of little consequence. 
There was however this higher frequency response 
demand upon the differential pressure transducer for 
nonsinusoidal pressure pulsations. The orifice plate 
carrier discs and an S.E. Laboratories transducer were 
therefore modified such that the pressure transducer fOI"nwd 
an integral part of the carrier as shown in figure 11. 1'Jw 
pressure lead lengths were then only approximately 2-~' inches 
in length, corresponding to a quarter wavelength natural 
frequcncy in the region of 1,1150 liz. 'rhe upstr.eam and dm,'JI-
strcam pipe static pressure transducers were instalJpd by 
screwing t11el11 directly into bosses welded to tJ)(~ pi pc sur-
face such that the pre ssure connect i ng pa 1.118 we 1'e 1I~ s s t.hr.At) 
2 inches. 
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2.3.3. THEORETICAL ANALYSIS 
It 
Foster and Parker state that for sinusoid~l power 
transmission in a uniform pipe:-
for > 10 
i.e. for high frequency oscillations in a low viscosity 
media, where rz.'represent the "apparent density" under 
oscillating conditions. 
Now and therefore C = I;. 
\vhere B = bulk modules of the fluid. 
Ilence:- C 
=ff 1 J 
11 !2V l :l + 1 I - I 
-w L r 
and simplifying:-
C ;?;] 
The quart£;;r wavelength re sonant frequency of osci 1] at. i on 
in a pipe open at one end is given by F = C where L is 
"i1"L 
the manometer or transducer pressure lead length. 
Equating these two expressions in C for resonance:-
16 IJ2 F3 8L F2 + F - V = 0 
2 Co 11 rr' 2 Co r 
which can be solved for differing lead length. 
TIlis expression has ueen solved by computer and the result.s 
are plotted on figure 17 as calculated resonanee peaJ{s. 
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2.3. 1{. FREQUENCY RESPONSE TEST RIG 
In order to study the effect that the length of 
the pressure connecting leads has upon the frequency 
response, tests were carried out with various lengths of 
connecting leads and a standard S.E. 150 50" W.G. trans-
ducer. Tests were also performed with thc modificd 
transducer, using a specially constructed connecting 
piece to simulate the pressure path through the orifice 
carrier plate. A pressure lead length corresponding to 
that of the modified transducer system with the exception 
of the right angled bend was also tested. 
To enable a pulsating pressurc to oc s:illlu] hUIPolisly 
applied i 0 the inlet of the pressure transducer ('OIlJl(,(' till!' 
lead, and accura te ly measured, a small vol ullIe cllLllllhe r \\'1I S 
constructed with an entry port and t,vo sYllllllel.rically 
placed pressure measuring ports. See figure 12. Jnto one 
of t11ese measuring ports was placed a Jast response 
pressure transducer of the crystal variety, Kistler type 
701A, with its pressure sensitive face flush with the 
inside surface of the chamber. The S.E. LalJOrutories 
inductive type transducer and particular pressure leael 
length under test were connected to the second In'essure 
measuring port. A pulsating pressure was uIJplied to i,he 
chambers entry port by means of a supply from a pl'Pssure 
regulator and. a flapper nOZZle, controllecl fr011l tho 
generator output of a Solartron Digjtal Transfer Ji'unei,jon 
Analyser type 1600A, venting the supply line to the 
atmosphere. rrhe D.r:I'.F.A. unit lias uscd to meu~mre caell 
pre s sure trm1f.ducer output in turn uncle r va r jed fre que 11(' j (' S 
of pulsat:ion. rrhe frcqucncy range of the tests ,,,as 
il1crc<uwd hy the addi tion of a Htgh F'rcquPJlcy Ex t,(~llS i 011 
Unit type JGj9. 
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Since it was found necessary to apply a mean 
pressure greater than 50"U.G., to obtain sufficiently 
large pressure pulsations, a steady pressure equal to 
this mean value was applied to the reverse side of the 
inductive transducer's diaphragm to maintai.n the rangc 
of pressure fluctuations wi thin the range of tlle trans-
ducer. The Kistler type 701A crystal transducer ,\'as 
chosen for comparisbn purposes for although jts range was 
far in excess of that required, its physical si~c and 
adequate sensitivity made it very suitable for this 
application. All the inductive type transducer pressure 
connections were made using i- inch bore tube, the sume as 
that used 011 the test rig. The pn~sslll'(, ('litlllllwr, prpSSlIl'(' 
connections, pressure pulsation control anti sigJltl1 
processillg system are shown in Figure 1~. 
2.3.5. HESULTS OF FREQUENCY RESPONSE 1'ES1'S 
The results are presented in appendi.x 2 and shown 
grapl1ically in figures 13, 1 /-1, 15,1-6 and 17. 
'J'he first tests were performed usi.ng lhc galvilJ1olll P i,cr 
output socket of the S.E. carrier system llnd the results 
can be seen in figure lit. However, because oJ this 
unexpectedly high rate of attenuation with increasing 
frequency, even under these high impedance load condiLiollS, 
all subsequent wor1<: was performed using the oscillos(~op(' 
output socket of the S.E. unit. 
Figures 13, 111 and 15 all indicate tlwt [IlUlOl1l')1 tIle 
quarter wavelength resonance peak for a part:ieulnr pressure 
connecting lead length may be higIl, the frequency at wId ell 
a significant error is present, due to t1le "Q" Jact.or of 
t]J(~ resonance peaJ{, may bp very 1Il1lch 10\\,('1' and of' gt'PCl L 
j Illportanec. It can be seen frolll J j glln~'t 7 th'll. wi -('h I.lh~ 
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previous minimum length pressure path of 8} inches there 
is a 5% error in r.m.s. J'eading at 80 Hz., (10% at 120 Hz 
and 20% at 130 liz) although the resonance peak docs not 
occur until a frequency 0:1: 335 Hz is reached. 'rhe 
modified transducer, with a pressure path of only 2{ 
inches, has a considerably improved response where the 
error is less than 5% up to a frequency of 180 lIz. A 
standard S.E. 150" lv.G. transducer was also tested wi t.h 
the use of a short pressure connector to simulate thc 
2{ inches lead length. This configuration was therefore 
similar to that of the transducer modified to be integral 
with the orifice carrier plates except for the right 
angled bend associated 'vith the modified trallsdueer. '(,hl' 
resul t.s obtained wi tIl this transducer n.nel pressure po (.Jl 
configuration differ only very slight.ly frolll those oj' t.lw 
modified integral transducer suggesting t.ll11 t ,d t.hin t.1l is 
range of frequencies the right angled bend has ne[!;ligillie 
cffect upon the frequency response. Figure 1~ also 
includes results obtained from a similar standard t.ransducer 
screwed directly into the pressure chambcr such t.hat the 
lead length is that of the transducer k D.S.P. nipple 
fitting and case only, approximately 1t- inches. 
An S.E. 1150 50" W.G. type transduccr was also 
tested, 'vi th two differing lead lengths, and the re s111 t.s 
compared wi tIl those acquired wi th the 1JO t.ype t.ransdll(~er. 
The type 1150 transducer has an insulated diaphaglll, for 
protection from corrosive manometric fluids, and 
consequently a somewhat torturous pressure path wit.hin the 
transducer casing. This addi tiona1 lengtll of in1.erna-) 
pressure lead causes the resonance peal\:s to oceu1' ut. lowe I' 
frequencies than those observed wj t11 the type J SO i.]'allSlill('(' I'~'. 
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2.3.6. HIPLICATIOXS OF TIlE HESlTLTS OF FHEQVENCY HESP(}NSr'~ 
iTE"SDL~1S 
The length of the pressure connecting lc.u)s 1'1'0111 tho 
point at which a ~ressure is required to be meaRur~J, i.e. 
orifice plate surface, to the pressure transduccr is therc-
fore. of great importance especially as t.here is a lIced to 
accura tely produce and measure pressure pul sa ti on alllpU tude 
across the meter under test. See section 1.0. ']']lCre is Ii 
much grcater demand for a constant Cllllplitude frequency 
response to higher frequencies when dca]jJlg with nOll-
sinusoidal pressure pulsations. The trallsduccr must rcspoJld 
to high harmonics of the fundamental forcj ng frellllcncy. 
Thc results indicatc that it is cRsenti:t' t.o IInv .. 
the prcssure leads as short as posgi h1 p. 'Vlll'lI t 11<' lIIod i r i ('d 
S.E. 150 transducer was bolted direct in i.lH' orific'p 
carrier platcs the pressure lead ICllgt.llS \\,pre ~.~ inclws. 
This was the minimum length achievable ,vj th tId s U1TllllgcIIIPll t , 
sec figure 11, and was used throughout i.JlP pulsatillf~ flow 
tests. The pressure readings of the 1.'\'0 water in ~r,lllss 
manometers are therefore very susce pt j lJ 1 e to e ITO t'S due Co 
their very long lead lengths. This is horn out jJl the 
tabulated results, by comparl.son with the JlreRsun~ trunSd\lCl\], 
readings, under pulsating flow conditions. See appendix V. 
The resul ts obtained from thcsc prcs~mrc leud tes (,S 
have a very clear warning about the crror jn Lhe r.lII.s. 
value of the pressure reading due to the "Q" factor of tlw 
resonance pcaks. For instancc, in ord(~r not to have an (~J'I'(}r 
grea tcr than 5%, the quarter wave leng th 1'c sonant JJ'(~qlWJlcy, 
associated with the pressure lead lenp;th, lIIuSt lw at least. 
five 'Umes greater than the frequcncy of t.he pulsatioJl IlC'iIW, 
mcasurcd. 
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Orifice plate carriers usually 1.cnd to 1)0 bulley 
and it is therefore difficult to mount differential 
pressure transducers close.to the or11'ico plate surfaces 
whore the pressures are ideally roquj.red to bo moasured. 
"'orI\: is nmv being carried out at tho Unj vorsi ty of Surroy, 
under the guidance of Dr. Nottram, into t.ho dovn]oplllent 
of a pair of coils and a pressure diaphra[T,lII, fOl'lII:ing a 
complete differential pressure transducer, mounted :insJde 
a pair of orifice carrier plate s. 'rho sy s tOIll j s sHch tha t. 
tho upstroam and downstream prcsuros have tUroct aeeess to 
the pressure sensing diaphram. In this way it is hoped 
to further increase tho aooura to o}lpra t.i ng range. 
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S.£. 150 TRANSDUCER 
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~~. ~1. O. REVERSE FLOW SENS ING HOT wrnE ANEHO:O-fETEH q 
2.4.1. INTRODUCTION 
At high values of pulsation amplitude the direction 
of flow actually reverses during part of the pulsation cycle. 
Tl'.is reversal is particularly pronounced ncar the pipe wall. 
See Section 3.3.3. Since a hot wire anemometer was used to 
record mean values of velocity, and root mean square values 
of velocity~ the measurements were subject to serious error 
due to the inability of the anemometer to sense and 
cOlllpensate for reversals of flow direction. 
Errors jn measured values of velocji,y hy conventional 
hot wire anemollletry can be considerable under cond.i ti ons 
,,,here flow reversal takes place. To consider the wo]'sl ('ilSI' 
U Il d l']' sin 11 S aid a 1 vel 0 cit y P u 1 sat i 0 II S , t hat () .f z e ) , a III (' (\ n fI () II· , 
the anemometcr would jndicatc a mcan flow valup of' /'> x J:2 X \ - ~) 
the root mean square value of pulsation, instead of zcro! 
An attcmpt was thcrefore made to produce a lIlo<!ifip<! 
prolJc and anemometer system that would rcspond to thcse f] ow 
reversals and give a truc representation of the vclocity 
under large amplitude flow pulsations. 
By placing a pair of fine wires, one upstream and 
another downstream of the anemometer hot wire, and operating 
these in a bridgc circuit as resistance thermometers, it was 
possible to sense the heated wake of the hot '~'ire, aJl(l :"0 
invert the anemometer output signal over that part 01' the 
cycle when the flow was reversed at the prou('. 
2.4.2. PROBE CONSTHUCTION AND OPEHA'rION 
The prolw, see figure 18, 'vas constructed ltsjng 
0.(0) HUll diallleter tungstcn wirc for uoth the Hl1('I1\Olll(, (I" 1101. 
wire and resi stallce therJllollleters. Tlw resj s Lance wj n~s we,'(~ 
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located approximately 0.8 mill upstream and downstream of the 
hot wire and mounted at 1'i&;ht angles to i, t so as not to 
unnecessarily disturb the flow over the anemometer wire. 
The current through the r(~ 8i stance wires was approximu te ly 
0.5 m a. This was suffi~ient to give reasonable signals 
from the hot wire heated "a}(e without causing the resistance 
wires themselves to respond directly to velocity fluctuations. 
The t.wo resistance thcnIJomcter wjres were opernted 
in a wheatstone bridge wi th essellUally constant current 
flowing through them, and the outputs fed to a differential 
amplifier. 'rhe output was then taken to a vol tage 
comparator where it was compared wi th a preset r'pfCI'l'lICe 
vol tuge such tJwt when the l'ef(']'pn(~e vol tagp was (~x('l'(ldpd it 
logic output \,'as obt,dned froll1 l.!Ip cOlllpal'utOl' lIlodIlJ(!. TIl is 
logic out.put \,'as then lIsed to in\'(,I't ill<' lillC'nl'ispd 
anclllometer output signal by mcaJlS 01' a s\"iLclle(i alllpLjJil'J' 
employing F.E.T. switches. The complet.c switching syst(~1II \Vl\S 
built up using a modular system of instl'uII1pn1atioJl initially 
developed by }Ir. B.J. Belcher at th'e Aeronaut.ics Jkpartll1(,lIt 
of Imperial Co 11 ege of Se i ence and 'l'ec11no logy. A bloc)( 
diagram of the instrumentation is shown in J'lv;ul'c 1<). 
The wire configuration of the probe is identical to 
s 
tlla t used by Bradbury and Ca stro (1971) 1'01' the j r pll 1 sed wi I'(' 
te cllni que. The system employed here is, however, 1I10re silllplp 
and in the predominantly one-dimensional case, whiplI (lxisis 
within the upstream test pipe, gives a (UrpcL indication of 
tllc vclocity. 
As an example of the response of the prob(' fjg:ure ~O 
S}lO"'S val'i OHS s i gila 1 s from the j 11S t ,'lllllCIl Ca L i Oil sy S /'('111 w11 i 1 (~ 
jn use under pulsating; flow eondlLiollS dlll'ill!!, ,,!riell flow 
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reversals occurred. Figure 20 (a) shows the direct, 
linearised, anemometer output and shows the "rectifying" 
effect which the anemometer has upon the indicated flow 
during reversal. Figures 20 (b) and 20 (c) show the 
resistance thermometer wires Signal after amplification and 
tbe voltage comparator logic output, respectively. Figure 
20 (d) showS the corrected linearised anemometer output 
signal. Values of the mean velocity, and root mean square 
of the a.c. component of velocity, a~ recorded on voltmeters, 
both before and after correction for flow reversal under thc 
conditions illustrated in figure 20 are shown in table 2. 
2.~.3. SENSOR WIRE SIGNAL 
In order for the system to function corred]y tl1('1"(' 
must be a sufficient output signal level from the l'csis1uIll'e 
thermometer wires. 
sensor w:::
U
:
i
:
g
« q;rt/~~:ad:yconditions 
-.L/2 
the Signal from a 
where ~h is the sensor ",'ire temperature variati on over its 
length, L. 
Neglecting thermal diffusion we have that the energy 
being convected away by the stream at a distance x frolll the 
anemometer hot wire is equal to the energy flow Q released 
x from the anemometer hot wire at a period TI earlier, whcre U 
is the free stream velocity. Hence 
Q = = TT'kN A'I ~h 
where ~f :i s t.he fluid tempera iure downstream of t.he hot 'vi re. 
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The signal from the sensor wire can therefore be expressed 
in the form 
where a sufficiently accuratetexpression for the Nusselt 
number is that proposed by Collis and lYiI I iams8, without any 
wire temperature loading term and evaluated at ambient 
tempe 1'a ture. 
i.e. N = 0.24 + 0.56 RO. 45 e 
Tum DELAY IN SlYI'J'CIJING OF ANENONE'rEH OUTPUT 
Under extreme conditions accuraey can be impaired hy 
the time error in swi tching O'\ving to the t:i lIle requi red for the 
heated wake frolll the anemometer hot wire to pass oyer tllo 
"previously upstream" resistance wire. If x is the <1ist.Ul)(Of~ 
of each re s i stanco the rmomo ter ,vi rf' from th e n llCml)II1P 1(' r ho t 
\d re ano flow is of the form 
u = ii (1 + a sin w t) where a> 1 
then there will be a delay in switching as tho veloci ty passe!, 
through zero given by 
(ts=x 
x = ) t U dt 
u=o 
From whence it can be shown that 
x = ~ {w e - sin we:!: (a2_ 1)} (cos W " - 1)} 
where e is the time delay in switching. 
Simplifying:-
we = x w 
C) ) 
U (a'""_1)2 
if we 
') .' 3 (a"""-j):! 
« j 
T'l1i s hot wire sysi:,em has been used ('hroughou t the 
1'111 sa t. i ng flow te~ts, over a range of IlwaJl veloed tics r ,'0111 
7,e1'O to 75 1't/sec and frequencies 1'),0111 zero (.0 )0 11 z • 
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Including cases where there ,,,as considerable flow reversal 
taking place over part of the pulsation cycle. Th~ system 
was found to perform extremely well over the range of 
conditions tested, even in apparently unfavourable conditions 
where the signal from the re~istance wires was ob:;erved to 
be very poor. 
2.4.5. CORRECTION FOR HOT WIRE PROBE nLOCKAG~ EFFECT 
The hot wire probe was required to respond equally, 
under pulsating flO\{ conditions, to flow in either direction 
along the pipe. It was therefore not practl cal to plnee the 
hot wire "upstream" of the supporting probe as with the 
common D1SA type 55A36 probes. Placjng of the ancmollleLer wire 
jn the plane of the probe body, as seen jn f·il~ure 18, meaut 
Ow t the blockage effect of the 1'1'011(' hody had to Ill' (a)wJ) 
jnto account.. 
This problem has already been encollllLI~recl wi 1.11 tlJ(' uSP 
of pitot statjc tubes in small wind tunnels and B.S. :1()I,2 
part 2A 7 suggests th~t if the projected area normal to tlw 
flow exceeds 0.5% of the cross sectional area of the duct sOllie 
form of correction should be applied. 
2'1-
E.C. Haskell considered the extent to which wind 
tunnel wall constraint can be regarded as equivalent to the 
si~ple increase in the velocity of an undisturbed infinite 
stream. Assuming exact equivalence he suggests that:-
= 
where K is the base pressure parameter and 
. 
suffiX e implies effective values to produce the observed 
pressure readings. This expression was verified by his Lest 
Consilleration of conservation or lIlol!J('ntulIl and Lll(' 
distortion of the wake under constraint Ipd ~lnsl{el1 Lo s(.nLc:-
K2 = 1 + Qiw.!£. . 
1(2 K2 -1 
e C 
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Equating these two expressions gives 
'l,,;~e = u ~1 + Cdrag 
K2 _ 1 
e 
However, Maskell considered the case where a 
corrected velocity was required to produce a measured 
pressure. For this application, of a hot wire probc in a 
pipe, there. existed a measured velocity and the need was 
to correct that velocity to a lower value that would have 
existed had the probe not been present. 
Ucor = umea!'mred (1 \ .t + Cdrag 'is 2 K2 ') ) - 1 Ti n--c 
Using the values, for acyl in<1er, oJ 1 ancl -. 'I 
rc spec ti ve ly for drag eoeffi ci en L ancI IHlcl{ pre s su re 
2 
coefficient, i.e. 1 - Ke = -.4:-
Ucor = umcasured 
2.5 ( liS 
() 
17" n'- ) } 
The probe projected area, normal to the flow, should 
therefore be kept as small as possible in order to minimise 
the effect of blockage, both upon the actual velocity 
measurement and also upon the flow pattern through the 
orifice under test. At the time that thc upstream vcloci I,y 
profiles were compiled the method of probe manufacture 
) inch. Wi t11 liJllited the mi.nimum probe body diameter to 16 
experience and progressive prototypes it was possible to 
produce a probe with a body diameter of only ~!! inch, tIl<' 
conductors only insulated by shellac ilU~j tIc u piece oJ 
11yp(~rdcl'lIIic tubing. rrhts miniature prohe was used Jor (1]] 
the velocj ty traverses perforllled do"'nstn~all\ of tlIn () I'j fic(~. 
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For the larger diameter probe, used for the up-
stream profiles, it was very necessary to apply bloclcage 
correction factors. The projected areas, expressed as a 
percentage of the pipe cross-sectional arca, for the ten 
point log-linear'(plus centre line) velocity traverse are 
shown in table 3. It can be seen from these valucs that 
because of the small area of the pipe, relative to thc 
cross-sectional area of a wind tunnel, very high vnlues of 
area ratio were involved. 
The relationship derived by f\faskell did not 
adequately correct the blockage effect and several alternative 
forms were tried. These various forms arc also shown in 
table 3. '}'11ese expressions were each used t.o corr<~ct a sC't 
of hot wire readings and the resul ts cOlllpar('(\ wit h 1IH' 
resul is of a pi tot static tube traverse ulllIer simi lar flo\\' 
condi tions. '1'11e pi tot-static tube readings wcrc correctcd 
7 for blockage effects according to n. S. 10'J2 : 2A::l ~7). rI'he 
corrected profiles are shown in figure 21. 
From tlli s figure it can be seen thn t for He of tl)(' 
d 
ordcr of 34,000 the expression which best corrects for 
blockage is given by 
Ucor = "'I1measurcd 
From further results the values of thc multiple of' 
the area ratio was obtained for other relevant values of 
He. The mugni tude of this mul tipli.er varied between 
d 
ap' IJroximutely 2.0 and 2.5 for the rangc of R over which ea 
velocity traverses were performed. 
94 
)f( x J( 
..r ..-:. 
1--)( >' 'II!' if< 1< )( 
)(~ xX 
)()t 
~ 
)I' .I 
-.,I: 
I(" ~ 
'II I(" 
Anemometer Hot Wire 
Sensor Wires Operated As 
Resi;,tance Therr::o!I!cters 
~ 
u/" 
FIGURE 18 
-
REVERSE FLOW SENSING 
//0, ~VIR[ PROBE 
---_. ---;...;..;..;;;:-.-;.....:....:......::::....::=-..... 
o
 
\ \ I I I I I L
 
,
 I \ I 
-
"
 
I i L 
,I 
\' 
'1 
,
 
L
t "
 
B
ri
dg
e 
B
al
an
ce
 
/ 
/ 
..
 
3b
 
3c
 
~c
1D
if
fc
re
nt
-,
 
-
-
.
 
-
.
 
V
ol
ta
p,
e 
Sw
itc
he
d 
-
'-
--
r .. 
h
.I
 
'
o
m
pa
ra
to
r 
am
p.
 
L_ 
a
m
p.
 
I 
3d
 -
-
~
 
3a
 
~
 
L
-
-
L
..
-.
. 
t 
n
em
o
:r
.e
te
r 
in
ea
ri
se
r 
A
ux
il
ia
ry
 
Ii.
l~l
. s
. 
l,
~t
er
 
3a
 t
o
 3
1 
r
e
fe
r 
to
 O
sc
il
la
sc
op
e 
lr
ac
es
 i
n 
Fi
g.
ZC
. 
FI
GU
RE
 I
S .. 
u
n
it
 
BL
OC
K 
D/
AG
RA
~1
 O
F 
RE
VE
RS
r 
FL
OW
 
SE
NS
IN
G 
AN
[fY
10
A1
£T
ER
 
V
.V
.lo
f. 
'"
 
V
I 
3a
) 
.
2 
V
ol
ts
 c
m
 -
II 
3b
) 
.
2 
V
ol
ts
 c
m
 -1
 
[ 
3c
) 
10
 V
ol
ts
 c
m
 -
II 
3d
) 
-
1 
.
2 
V
ol
ts
 c
m
 
FI
GU
RE
 2
0 
-
1 
20
 m
. 
se
c
. 
cm
 
-
-
-
1
 
...
 
r-
" 
r.J
 
~
~
I~
 ...
.
 
H
 
-
1 
20
 m
. 
se
c
. 
cm
 
-
-
-
-
H
 
-
1 
20
 m
. 
s
e
c
. 
cm
 
-
1 
20
 m
. 
s
e
c
. 
cm
 
L
in
ea
ri
se
d 
H
ot
 W
ire
 O
ut
pu
t 
O
ut
pu
t 
fro
m
 R
es
is
ta
nc
e 
Th
er
m
om
et
er
 W
ire
s 
C
om
pa
ra
to
r 
O
ut
pu
t 
Sw
itc
he
d 
Am
pl
if
ie
r 
O
ut
pu
t 
SIG
NA
LS
 
FR
OM
 
RE
VE
RS
E 
FL
OW
 
SE
NS
IN
G 
AN
EM
OM
ET
ER
 
\0
 
0'
\ 
91 
TABLE 2 VELOCITY NEASunEMENT WITH AND WITIIOU'r 
REVERSE FLOW CORRECTION 
Indicated Ncan Indicatcd 
Velocity Values of 
-1 Component 
ft. sec Velocity 
ft. -1 sec 
Linearised 
Anemometer Output li lJ • 0 2G.6 
S1V'i tclled 
r.m.s. 
a.c. 
of 
Amplifier Output 33.6 36.8 
Frequency 13.8 Hz 
-1 l See figure 20 
Mean Velocity 33.8 ft. sec 
TADLE 3 HOT WIRE PROBE BLOCKAGE conRECTION 
,.-... 
-
.S2 4S ~ 
Dcar 
x D measured ii In TfD2 
1 1 1 
{ 1+2. 5 (~~}} 1+2.5(~J 1+ l \ liS) 
"TTD2 1TD2 
0.019 0 0 1 1 1 
0.076 0 0 1 1 1 
0.153 .035 . li4 .994 .989 .985 
0.217 .073 .92 .988 .977 .965 
0.361 .1.59 2.00 .976 .952 .925 
0.r')00 • 2'1 :3 :J • '.2 .964 .922 .RSO 
0.639 -06 .)- 'i.09 .952 .906 .8:30 
0.783 • '112 5.17 .941 .886 .82~ 
0.847 .1-150 5.611 .936 .876 .816 
0.92LI ./i97 6.22 .930 .865 .801 
0.981 .531 6.65 .926 .858 .790 
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3.0.0. PULSATING FLOW EXPEHDfENTAL lVORK 
3.1.0. INTRODUCTION 
The main purpose of the experimental work was to 
aecurately measure the relevant flow parameters undcr 
pal sating flmv condi tions, while excluding other effects 
such as swirl etc. In order to compute errors, and verify 
the application of the Quasi Steady Theory, accurate 
measurement" of the flow was also required. The same meter 
was therefore used under both steady and pulsating flow 
conditions, at identical flowrates. Hence variations in 
CD and other errors due to specific meter geometry were 
eliminated. Secondary device errors due to variations in 
gain and/or zero drift were similarly ~ullified by using 
thc SUlllC pressure transducers and inst.rumcntation. Indeed, 
grea t care was taken to accurate ly caU bra te all thc 
instrumentation, and extreme caution taken to ensure that 
no significant instrument drift '~iS present, on each day of 
test performance. 
A literature review of possible error effects 
resulting from variations in velocity profiles upstrcam of 
an orifice is presented in Section 3.3.2. As a result of 
this review the sinusoidal pulsating flow conditions 
2e,19,30 
previously studied were recreated and the velocity profiles 
approximately 3D upstream of the meter were closely 
investigated. A reverse flow senSing hot wire anemomcter, 
as detailed in section 2.'!.0, was used throughout. lJ.'he errors 
obtained in thc indicated flowratc were also calculated to 
provjdc a cross check with the previous results. 
Since there are pressure pulsations present across 
tho orifice undor pulsating flow conditions it systcmatic 
study was made of veloei ty profiles frolll fG to 'i ~~ :illchOH 
101 
downstream of an orifice. The object of these velocity 
profile investigations was to try and determinc any changcs 
in the diameter of the downstream jet, particularly the vcna 
contracta, and use this information to correct variations of 
the discharge coefficient. A multi revolution potcntiometer 
was used in conjunction with thc probc mechanical traversing 
mechanism to provide positional encoding. In this way thc 
velocity pr<lfiles at lI6 downstream from the orifice were 
plotted "automatically" on an x-y recorder. 
As far as the Author is aware this is the first timc 
that intentionally produced non-sinusoidal pulsation wave-
forms have been studied and an attempt made to correlate thc 
results with theory. The non-sinusoidal pulsations \\'crc 
produced by operating the existing pulsator in a spool valve' 
/JIode such that, similar to previous usc, swirl an(1 othe1' 
aSYllllllctrical effects should not have bccn produced. 
Unfortunately it lvas not possiblc to produce a 
constant waveform ovcr a range of frequencics and amplitudes. 
Two series of tests were therefore carricd out, one at 
constant pulsation amplitude values and the other at constant. 
values of Strouhal Number. The analysis of the upstrcam 
centre line velocity was used to calculate thc harmonic 
distortion factor for each test. 
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3.2.0. TEST pnOCEDURE 
The author was involved, during the final stages of 
30 
an earlier course of experimentation, with the test facility 
before it was handed over for this course of study. After 
the modifications outlined in section 000 ~ ........... which resultcd 
in the design speed of 50 Hz becoming obtainable, further 
tests were carried out with nonsinusoidal pulsations. The 
same range of orifice plates, as previously used, were 
lI;ilO 
employed to extend the results already gained, up to the 
50 lIz value of fundamental exeitati.on. These results an' 
included in the several reports made upon tllj s worl,;. 'I'lwJ'e 
is therefore, owing to this early collahoration, (!onsidpl'ah](' 
eonLinui ty between the previously r,aj llP{\ n~~II] t~ and t liDS!' 
set out in this pipee of work. 
The experimental procedure for thc tests was hN1V i ly 
biased towards obtaining accurate values fo), thc metcr 
diffcrential pressure under pulsating; and steady flow 
conditions, at the same mean flowrate. 
Before each test all the instrumenis were corrected 
for zero error. The flow was started and manually llIaintuiJl('<1 
at the required value throughout the duration 01' the test. 
'rhe D. V. N. moni toring the di fferen ti al pre s sure was rea dam) 
the required value of differential pressure pulsation 
calculated before the pulsator was started. The pulsator 
speed and stro}w length were next adjusted to gi ve the 
nccessary values of pulsation frcqlJ(~ncy and aJllpli tude. A] 1 
the instrulIlents were thcn read alld recorded. 'l'lw p"Isa(.ol' 
)vas tlwn swi tchcd off and steady f10\" vnllws l'eCOI'<!p(} rOt' 
differentia] pressure, square 1'ooLe(i clirrel'('lILilll PI'(" SIII'(' 
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and centre line velocity. Finally, after turning off the 
air flow, the zero readjngs were again ehecked in case of 
drift or similar discontinuity. The use of the same 
orifice meter to measure the flowrate, under both pulsating 
and steady flow conditions, totally eliminates any 
additional error resulting from any variation between thc 
coefficients of discharge which could result from the use 
of two separate meters. Except for the more detailed 
investigation of the centre line velocity harmonic content, 
the tests with the non-sinusoidal waveforms discussed jn 
section 3.5.0. were carried out in an identical manner to 
that described above for the sinusoidal waveforms. 
Each day prior to commencing tests all pressure 
transducers were calibrated and checked for lin('urarity 
alTainsl a Betz-typc projection microlllanollletcr. The hot. 
e 
wire anemometer was al so cal i bra tcd aud checl\Cd for 
linearari ty each day by comparison ,vi th predetermined centrC'-
line velocities. These velocities were measured by pitot 
static tube and corresponded to sei values of upstreanl 
pressure at the inlet control critical nozzle. 
104 
3.3.0. UPSTREAH VELOCIT~_TROFILES 
3~3.1. INTRODUCTION 
Variations of the upstream velocity profile will 
effect the flmy through the orifice. It is therefore very 
possible that the upstream velocity profile influences the 
discharge coefficient of the meter under test. A series of 
velocity profiles, under similar pulsating flow conditions 
to those for which previous results had been obtained, with 
the test facility, were therefore compiled. An attempt 
was then made to correlate the velocity profile variations 
,vi th the total and residual errors previously obtained, and 
subsequently checked,during the velocity profile measurcments. 
3.3.2. REVIEW OF PREVIOUS WORK 
In the introduction to an ar1.10l(' he pull] i sJwci 
I.f-
A.G. Ferroll says that "It is not the intpn1ion of "this" 
paper to evaluate the relative merits of pressure -
differential devices while opernting under various velocity 
profiles, uut, rather to point out 'that velocity distribution 
can cause appreciable changes in the discharge coefficient, 
especialry those of large Beta ratios." In his experiments 
Ferron varied velocity profile by using smooth bore pipe, 
roughened steel pipe, and by placing i inch mesh wire, 
circumferentially, on the wall of the upstrenm pipe. He used 
the velocity at a point O.025D from the wall of the pipe to 
quantify the velocity profile across the pipe diameter and 
plotted this value, divided by the pipe centre line velucity, 
a form of modified pipe factor, against discharge coefficicnt. 
This was repeated for several orifice plates, witll djfferin~ 
J3 ratiOS, and various values of upstream pipe ruughness. '],Iw 
results showed an increasing discharge eoefficiellt for a 
decreasing Id pe factor. He explains tlH s hy cOllHi dent! j Oil I) r 
, 
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a flow filament near the wall of the pipe causing the vena 
contracta to decrease in diameter for increased flow at the 
wall of the upstream pipe. 
Ferron also quotes an earlier work by Bogema, 
.!l 
Spring and Ramamoorthy in which orifice plates with B ratios 
"varying from .492 to .590 were subjected to modified upstream 
velocity profiles. It was found that at the lower B ratio 
the coefficient differed by 3_ from the standard, whereas 
with a p ratio of .590 the discharge coefficient differed 
by 6% i.e. again a greater effect with the higher values of 
J3 ratio. 
Simi lar 'Work has al so be en carri cd ou t by Spf'IH'f' '" 
J!-(; 
and Nc. 1\ul1,y \\"110 again recorded that tcsts show('d nn 
Increasing discharge coefficient wi til ilH;)"cnslng pipe J"oug;lll1('ss. 
A study of al ternating air flow, \vi th zero llIean 
37 
velocity, in a pipe by Richardson and Tyler revealed that 
owing to inertia, the velocity in annuli remote frolll the 
centre of the pipe was much greater than at the centre itself, 
except very close to the walls of the pipe, -where f1'ict]on 
caused a rapid drop down to zero velocity. 
Two major points appear throughout these papers; that 
the value of CD is dependent upon the velocity near the wall 
of the upstream pipe and that a high ~eloeity may be present 
near the wall due to flow oscillations. It was therefore 
decided to make a close examination of the velocity profjles 
upstream of the orifice plates under similar conditions of 
flow to those already studied by Dr. Mottram ann the author. 
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3.3.3. UPSTHEA'H VELOCITY PROFILE TRAVERSES 
A reverse flow sensing hot wire anemometer of the 
type previously described in section 2.~.0. was used to 
traverse across a vertical diameter of the test section, 
5 inches upstream of the meter upstream face. Using thc 
range of orifice plates previously used in the earlier 
pulsating flow tests, similar flow conditions to those 
already observed and reported were recreated and the 
corresponding velocity profiles investigated at the upstream 
test section. Details of the velocity profile measuring 
method and the tabulated results arc included in appendix 
III. The profiles were measured, corrected for probe 
blockage effects, see section 2. i!.5, and plot.ted using 11)(' 
7, .1';; 
equal area annular ring principle, ten such anlllll j he' i IW 
used. In addition the centre line velocity wus also 
measured and plotted on the graphs, fj glln~s 22 t.o 2(>. 
3.3.4. RESULTS OF UPSTREAM VELOCITY TRAVERSES 
It can be observed from the tuble of results, and 
the graphical representation of the velocity profiles, that 
there is a tendency for the r.m.s. profile tp peak away from 
the centre line. 
x This peak generally occurred between D 
values of .12 and .16 whereas close to the pipe wull, at 
x the point represented by D = .019, there was less variation 
in the value f urms o u • c rms This peak in the r.m.& profile 
tended to be more pronounced at higher frequencies and also 
with the lower p ratios. This last result seem~ to differ 
from the results of Richardson and Tyler where, however, 
only oscillating flow was studied wjthout any overall flow-
rate being present. 
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I t can be seen, both from the indi ca tj ons on the 
ta.bulated data and from calculated values of f2 urms 
-u 
exceeding unity, that flow reversal was present during many 
, of these velocity traverses. The results also indicate 
that even when there is no sign of velocity reversal at the 
pipe centre line it is often taking place in annuli cway 
from the centre. Furthermore the value of l2 u rms 
u 
progressively increases as the prob~ moves away from the 
centre line. 
Figure 27 shows the values of pipe factor, calculated 
from the balf profiles, (because of blockage effect, sec 
appendix III), plot ted against pul sa t.ion frequency. COJIIPH I'i ll!! 
profi 1 e sunder steady flow condi ti 011S, ze 1'0 frequency, t\J(' 
1 f U l' S seell to be I f tl ] 1 n i ' va He 0 c ower .01' Ie slIIa er #-' ra ·1 OS'. 
This is due to the effect of the orifice close downstream of 
the velocity test section. A lower J3 ratio causes flow 
restriction through the smaller ori.fice and hence a 
proportionally higher value of ~ at the velocity profile 
test section. 
It is also noted that there is a trend for the 
velocity profile to become more peaked about the centre line 
as the frequency of pulsation is increased and that this 
effect is more marked for the lower values of Reynolds Number. 
Figure 30 shows the calculated v~lues of total error, 
E
T
, plotted against frequency. Comparing these results with 
figures 35 and 36 of Dr. Mottram's previous results8 0shows the 
high standard of agreement and repeatabi Ii ty ob fa inahl u wi 1.11 
the test facility. 
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3,.3,5, IMPLICATIONS OF THE RESULTS OF UPSTREAM VELOCITY 
TRAVERSES 
Since the value of U decreases with an increase in 
ltc 
pulsation frequency the value of CD should increase with 
increasing frequency and hence the value of total error, 
calculated using the steady flow value of CD' will tend to 
be progressively over-estimated for increasing pulsation 
frequency, . If CD increases wi th frequency Ap should 
decrease ieee negative errors due tp this effect should 
increase with frequency. However, the peaked profiles were 
only significant with the smallest orifice plate tested 
which would have been the least sensitive to these effects, 
Figures 2.7 and 30 show littlc evidence of COIT('lution 
between pipe factor and pulsation 01'1'01', 
Ucrms 
u 
There is however an element of agrecment betwecn the 
s-e " .. ,,,,rfi 2.s. 
re suI t8 and total error, "There is furthermore 
between the total error and resu! ts 
D 
shown in figure 29. The explanation is that the flow reversal 
that \\'as found to exist, (not previously noticed wi 1,11 only 
centre line velocity monitoring), was having a serious 
effect upon the flow through the meter and honce the value 
of CD' It can be seen from the results at the smaller 
pulsation amplitude, of llrms = 1, that there was much less 
tls 
variation in the value of total error. There does however 
still remain some similar trends in both E'll and urms when 
U 
plotted against frequency. 
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From these results it could be concluded that the 
pipe centreline velocity measurement is not sufficient, or 
even the best, location to monitor velocity pulsations. 
Since the peak of the r.m.s. velocity profile occurs 
approximately at the quarter-radius point in from the wall 
.12) it could be suggested that this is a better 
place to locate the hot wire probe. This would be more 
likely to ensure that if any flow reversal were present it 
would be detected. 
The biggest lesson to be learnt from these resu]iH 
is that at the largest pulsation amp] j tlHle studied, i.e, 
..Grins = 1.), flow reversal is very li]\C}y to l)p I'1'PS(,llt ill 
bs 
annul i away frolll, even if no 1, pre sen 1, at, the cell t1'e Ii ll<' 
of the pipe. This presence of flow reversal is almost 
certain to modify the value of Cn especially if u non 
symmetrical orifice plate is in use. i.e. upstream square 
edge and bevelled edge downstream as recommended by BS j()~2 
t 1 .5 par -
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3. It. O. nmYNSTHEAM VELOCITY PROFILES 
3.4.1. INTRODUCTION 
In the previous section it was shown that there was 
a negligible change in the upstream velocity profiles, for 
anyone ft ratio and orifice Reynolds Number. Except for the 
smallest J3 ratio where the effect on the vena contracta 
would be at a minimum. However, owing to pressure pulsation 
being present within the flow through the orifice, an 
additional test section was designed and manufactured to 
enable velocity traverses to be carried out downstream of 
the orifice plate. A study of the downstream velocity 
profiles was carried out to inveRtigate the possil)iljty of'a 
v8rlation in the issuing jet modifying the value of the 
contraction coefficient Ce and hence the overall dj fo'c}wrgp 
coefficient <;,. 
3 ./i. 2. nmmSTREAM VELOCITY PROFILE INVESrrIGATION 
A system of interchangeable packing pIeces in the 
test section made it possible to carry out hot wire velocity 
1 " 7 traverses, at anyone of 45 positions, 8 apart, from Tb to 
5i* inches downstream of the orifiqe upstream facc, Rec 
figure 31. 
In order to investigate possible variations in the 
value of the contraction coefficient, CC' it was necessary 
to determine the diameter of the issuing jet. Since the edge 
of the jet was not clearly defined, but was represented by a 
velocity gradient covering a portion of the pipe diameter, it 
was necessary to form an arbitrary definition. To define the 
diameter of the jet at any plane downstream of the orifice 
pIa te the values of .70 Uc ' for tho hal f profi Ie non 1'0 st to s 
the anemometer wall of entry, and .78 U
c 
' for t]w second lwl (' 
;s 
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of the profile, were selected from a study of numerous 
steady flow profiles. 
The variation in these two figures was made to 
compensate for the probe blockage effect and it can be seen 
from the results in Appendix IV that there is a small 
discrepancy between each pair of radii. This discrepancy 
does not significantly effect the results as each radius 
defines a jet diameter such that when these two figures arc 
added, and subsequently plotted against frequency, a valid 
result is obtained. 
7 " The velocity profiles were investigated at 16 ' 
1" 9" 2TI) , 3TG 
1"''' 
and Ij 1 ~ downs trcam from the ups tre(1m facc of a 
.392 JII ratio orifice plate with an orifice HeYllolds Number 
of 74,200. The pulsation amplitude 'vas given throughout by 
b.rrns = 1.5. 
bs 
See figurcs 32 and 33. 
7" The velocity profiles at 1"f{j downstream from the sallie 
orifice meter, under similar flow conditions, were plotted 
directly using an X-Y recorder. The linearised anemometer 
output was plotted against the X axis monitored from the 
probe micrometer screw, via reduction gearing, and a JJJ'ecision 
potentiometer used as a voltage divider. See figures 3~-~0. 
3. 4. 3. RESULTS OF n01mSTREAM VELOC I TY 'l'RAVERSES 
From figure 32 there appears to be very little 
variation, with frequency, of the diameter of th~ jet issuing 
from the meter until the flow is at least one pipe diallleter 
dmvnstream from the orifice. When further downstream the jet, 
as previously defined, shows a tendency to decrease in 
diameter with increase of pulsation frequency. However, at 
these rela ti vely large di stance s downstream from tlw or if ice 
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it is doubtful if the tern diameter of "issuing jet" is 
still applicable. 
Figure 33 again shows very little variation, of 
Ucp 
, when investigating downstream flow conditions close to 
Ucs 
the orifice. ~ The value of Ucs does however also tend to 
decrease with increase of frequency when well downstream of 
the orifice. 
The "automatic" plots of velocity profile, figures 
34 to 40, give a very definite and clear representation of 
the velocity profiles. Since the square of the r.m.s. value 
of the velocity pulsation appears in the indicated flow 
correction factors, and this value was directly available 
from the anemometer r.m.s. meter unit, this value was plotted 
in preference to the value of up It is noted from thps(' 
2 
traces of 1.1. 
'Prms 
rm.~ 
that the position of tile poak value 
progressively decreases in radius with increasing pulsation 
frcquency. If, however, the value of .70 u is used to Cs 
determine the jet edge, as when previously defining this 
position, results compatible to those in figure 32 are 
obtaincd from the "automatic" plots. The jct diameter as 
dcfined by the peak value of u.p on the "automatic" plots 
rms 
is alsO plotted on figure 32. 
The "automatic" plots also show the value of 1..~? Prw.r; 
bccoming progressively higher across the complete half profile 
as the frequency of the forced pulsation increase~. The 
anemometer indicated mean flow, in the region beyond the radius 
of the jet, also increases with increase of pulsation 
frcquency. 
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3.4.4. DISCUSSION OF RE;rVl'S OF DmmSTREAM VELOCITY 
'J1RAVERSES 
The most interesting fact to note from these results 
I ~ 2 is that the peak va ue 0 .. l.\.p , and hence u,.. , does not 
rml "rms 
coincide with a fixed v~lue, relative to Uc , in the mean S 
flow velocity gradient at the edge of the issuing jet. 
In order to accurately determine the position at 
which the value of up reaches a maximum it is necessary 
rms 
to employ some form of probe positional encoding in order 
to obtain graphical representation from which to determine 
the maximum value. The simpler method of using tIle values 
of .70 u Cs and .78 U c s to define the jet diameter was t.here-
fore used, in the first instance, as it was thought to bt' 
sufficient and did not require addi 1.i oIlal equiplll(\llt. 1n<l('('d, 
since the very concept of a jet implies an area of 
relatively high mean flow velOCity, this method lIIay still 
best theoretically define the "diameter of the jet". 
However examination of the' auto plots shows thai. as 
the frequency of pulsation increases tlle indicated mean flow 
velocity in annuli near to the wall of the pipe increases. 
There is not however a corresponding decrease in lIIeon 
velocity at the centre of the pipe and therefore 0 higher 
total mean flow is incorrectly indicated. This effect is 
also accompanied by an increase in the value of I' at the 
"P1'1:lS 
outside annuli. It is therefore probable that the higher 
indicated velocity value is due to the probe being unable to 
correctly resolve the various velOCity vectors that are 
present in this region. 
In view of this doubt about absolute va.lues it lIIay 
therefore be hetter, in this si.tuation, to use the POSiUUll 
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2 
of the maximum of u to indicate the behaviour of 
Pl'ms 
the diameter of the issuing jet. 
From .the indicated jet diameter defined by thc 
u 2 peak value, determined from the auto-plots taken at 
Proms 
7 " iTt> downstream, and plotted on figure 32 it can be assumed 
from equation 42 that:-
d 2 a: (1 - . o~ ~ w) 
Since the peak value of the uu profile appears 
• rills 
to move towards the centreline of the pipe in proportioll to 
increase in pulsation frequency it is very possible thai the 
value of CD is modified by this effpct. 
Indeed refering to equaU ons '1'1 allt! '1):-
E = Y(1 + ET ) - 1 Tcor 
(1 C2 2 .1. (1 and Y = - III )2 - .0033 1 C
s 2T1" ') ~11 .J 00') 1\,' 111-
C !! rf S ; I 
w)2
f Co. V j 
assuming d2 = (1 - .oo~:;,. W~ 
Hence for the 2.000" diameter orifice and n 1 = 7 /',200 aL C( 
whjch the autoplots were compiled. 
and 
(1 + ET) - 1 
(1 + Err) - 1 
for f = 50 lIz 
for f = 25 1I~ 
It therefore appears from thcse resnl ts tha t. tl](\ 
order of the correction is of too grea t a magni tude. TJd s 
is not surprising as the section at which the autoJllots were 
compiled was assumed to characterise variations of the vena 
contracta. This is clearly not tlw case wi thout at len!'d, 
sowc form of scaling factor. 
1 
:.l 
> 
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PROBLENS ASSOCIATED WITH QUANTITATIVE USE OF 
DOWNS'l'HEAH VELOCITY PHOPILES 
In order for resul ts from any downstream "eloci ty 
profile investigations to be of quantitative use they have 
to be suitable for use in modifying and correcting the 
differential pressure expression for meter flow rate. The 
above results and approximate analysis highlights the two 
major problems associated with velocity profile 
investigations downstream of a plate orifice. 
i) For the results to be of use for modifying the 
flmV' rate equation they must relate to the behaviour of the 
vena contracta diameter. It is therefore necessary 1.0 loeate 
the position of the vena contractu. Furthermore it. may noL 
remain at a constant distance dmmstreRm of the ori f iop 
under all frequencies of pulsation. 
ii) The method of correction relies on quantifying 
the diameter of the jet at the vena contracta. It must there-
fore also rely on the definition used to determine the jet 
edge. This problem is further complicated by the very nature' 
of the flow in this region of toroidal eddies and high 
turbulance. The ability of the velocity Incasuring device to 
accurately respond in this flow region is also therefore of 
great importance. 
FIG
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FIGURES 3fT04-0 
AUTOMATIC PLOTS OF V£LOCITY' PROFILES 
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NON SINUSOIDAL PULSATING FLOW TESTS 
INTRODUCTION 
The performance of the test orifices under 
deliberately produced non-sinusoidal velocity waveforms 
was also investigated. By carrying out the modifications 
described in section 2.2.2, i.e. operating the pulsator 
piston and cylinder as a spool valve, it was po~sible to 
produce dis"tinctly non-sinusoidal waveforms. 
With an ideal pulsator it would be possible to 
generate any desired waveform at any pulsation amplitude and 
frequency. Failing this it would have been helpful if a 
particular waveform could have been generated over a range 
of frequencies and amplitudes. In practise control over 
waveform was very limited and it would have been necessary to 
make a complcte harmonic analysis, including amplitude and 
phase angle of each component, at each test condition, to be 
certain that all the waveform parameters had been mcasured. 
In the theoretical analysis "in section 1.3.4. the 
derived expression for total error, in terms of mean and 
r.m.s. values of differential presure, includes the use of a 
harmonic distortion factor to describe the waveform. To 
fully evaluate this factor knowledge of both the harmonic 
amplitude and phase angle is required. Equipment to enable 
the various phase angles of the harmonics to be measured, 
without extremely laborious and inaccurate determination was 
not available. It was therefore considered that measurement 
o~ the phase angles could not be justified in the time scale 
of this project. 
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3.5.2. INVESTIGATION OF NON SINUSOIDAL PULSATION ERROll 
In practice it was not possible to maintain a 
constant waveform at a fixed pulsation amplitude over the 
full range of frequencies. The flow, no-flow, conditions 
produced by the pulsator were very much smoothed by the 
upstream pipe section. The centre line velocities, 2D 
upstream of the orifice, were monitored by hot wire 
anemometer, These velocity signals were analysed and used 
to calculate the harmonic distortion factor making thc 
assumption that the various harmonics were in phase. 
The method of conducting each test was idcntical to 
that used under sinusoidal pulsating conditions except for 
a detailed measurement of the amplitudes of the first ten 
harmonics of the upstream centre line velOCity. These 
harmonic amplitudes were measured with the aid of n Solartroll 
Digital Function Analyser and Mechanical Reference 
Synchroniser which incorporated push button selection of 
multiples of the fundamental frequency for analysiS. 
Multiplication of rounding errors, when hand calculating 
harmonic frequencies from the indicated fundamental, were 
therefore eliminated. The input to the synchroniser unit 
was obtained directly from the pUlsator. (The ability of the 
unit to synchronise showed that the pulsator speed did not 
vary by more than! .75%). 
Tests were performed over a range of frequencies at 
constant values of ~rms of 1.0 and 1.5 for .392 and .612 III 
bs 
ratio orifice plates at Orifice Reynolds Numbers of 75,000 
and 110,000. Tests were also carried out at constnnt values 
of Strouhal Number over a range of values of pulsation 
amplitude, as defined by Ll rms i.e. paramet.ers which can be 
lip 
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directly obtained under pulsating flow conditions. In 
each case the value of the harmonic distortion factor was 
calculated using Dr. t-Iottram's defini tion:-
and the measured harmonic amplitues of the upstream centre 
line velocity. For these ranges of tests H varied between 
1.07 and 7.64. 
The results are tabulated in appendix V. 
3.5.3. NON SINUSOIDAL PULSATING FLOW TEST RESUVrS 
It can be seen from the tables of results that thf' 
values of Uc calculated from the measured. values of th(' rms 
velocity harmonics agree extremely well wit.h the values 01' 
u measured directly. 
e,.ms 
The magnitude of the disagreement 
rarely exceeds + 4% except in cases where the total ampljtllde 
of pulsation was very low. Under these conditions the 
measuring equipment was unable to accurately resolve the low 
magnitudes, of the higher harmonics, of the velocity 
fluctuations. This, concurrence of amplitudes, together with 
the ability to closely reproduce any of the tests, or 
measured values, suggests a good standard of reliability 
among these results. 
Figure 41 shows the results taken at constant 
pulsation amplitudes, of .6 nns = 1.5 and 1.0, plotted against 
iSs 
eJfcctivc Strouhal Number. Alt.hough the term Ll rms is 110t 
As 
useful in practice as the more readily obtainable value of 
pulsation amplitude, given by .lI nns , it was used in this 
lip 
,\ S 
145 
series of tests in order tc eliminate one variable since As 
could be held constant. 
Theoretical values ~f total error are also shown on 
this graph. The theoreti(~al error was calCUlated using 
equation 23 and a simplified form of equation 25 together with 
equation 21. The simplification of expression 25 involves the 
assumption that terms such as a r
4 
and a 2 a 2 are small and r q 
therefore have little effect upon the amplitude of the error. 
+ 1 (6rms ) 2 
"4 As 
1 
- 1 
This expression, with its inherent Simplification, docs 
however indicate the amplitude, especially at low values of 
HJ, and trend of the total error whil st assuming a
r
+1 « aI" 
see section 1.3.4, in the function M = M (1 + ~(t». For a 
particular case where the amplitudes of the harmonics arc known, 
and a
r
+1 is not significantly less than a r , expression 25 should 
be used in its entirety; 
In order to evaluate J it is necessary to enumerate 
the ratio 1Je • 
d 
The values of this ratio, used in this and 
subsequent expreSSions, were determined empirically from the 
best fit of the error expressions with the experimental results. 
See also figures 45 and 46. The values of h were determined 
d 
as 0.5 and 0.8 for pulsation amplitudes given by Arms of 1.5 
DS 
and 1.0 respectively. 
.. 
, 
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Figures 42, 43 and 44 show the measured values of 
total error plotted against the pulsation amplitude, of 
~rms, which can be measured in practice. The three graphs 
l'p 
show the error variation with ~rms for the three orifice 
!p 
plates of diameter 1.027, 2.000 and 2.500 inches. 
The theoretical error curve ETth was calculated from 
equation 26 assuming that the temporal inertia term was 
negligible, i.e. HJ« 1. This therefore eliminates the 
variation, between the three graphs, of the ETth curve due 
to val~ing m ratio. Hence the ETth curve can be used for 
general reference and comparison purposes between figures 42, 
The residual errors at constant values of pulsation 
amplitude, as given by ~rms = 1 and 1.5 are plotted against 
lis 
effective Strouhal Number on figures. 45 and 46. The 
theoretical errors are again included on these graphs and have 
been calculated from equation 27. The errors have been 
evaluated for the specific waveforms of Sine, sawtooth and 
square, with the sawtooth and square waveforms as defined by 
equations 32 and 37. Since there was a variation in the value 
of the term 2 T/ Co 
. 2 2 1-Cc m 
from 4.03 to 4.26 for the ~.OOO and 
2.500 inch diameter orifice plates, a nominal value of 4.15 
was used in the expression for J to provide a common 
theoretical crror curve. Once again the v~lues for the ratio 
h ,,,ere determined empirically and the values of 0.5 for 
d , 
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= 1.5 and .8 for Arms 
As 
= 1.0 were again resolved. 
The residual error variation with pulsation amplitude, 
within the range corresponding to the total errors shown in 
figures 42, 43 and 44, have not been plotted. It can be seen 
from the table of results that the residual error during this 
range of tests rarely exceeded a total magnitude of ±1~. 
3.5. Ji. DISCUSSION OF RESULTS OF NON SINUSOIDAL pmJSATING 
FLOly 'rESTS 
In all cases of the non sinusoidal test results the 
value of H has been calculated from the velocity harmonic 
amplitudes as measured at the centre line of the pipe, 3D 
upstream of the orifice under test. The assumption is there-
fore implied that the results at the centre line are 
representative of the 
involves the ratio of 
bulk veloci ty.· 
In 2 2 r ar 1 2 
The calculation of n 
The above assumption is 
therefore reasonable since the ratio of amplitudes, rather 
than their absolute values, are required. 
The results of the total error vs. Effective Strouhal 
Number tests, see figure 41, indicate that changes in the 
value of Reynolds Number, from 73,000 to 114,000, do not hnve 
any significant effect upon the magnitudc of the total error. 
The results do, however, very clearly show the 
decrease in total error with increase of Effective Strouhal 
Number at values of H fd 
Ud 
above 0.05. Furthermore the rate 
o£ decrease of ET with increase of H fd correlates well 
lid 
with the error as predicted by the temporal inertia effect 
theory. Earlier work and papers by Dr. Mottram and the 
author had always assumed a value of unity for the ratio of 
Le. It is now believed that the value of h is less than 
d d 
unity for the range of tests performed and that it varies 
with pulsation amplitude. Furthermore if the empirical values 
of ~ , as determined here, are used to generate total error 
d 
curves for the previously obtained sinusoidal results the 
effect would be to move the "knee", and subsequent negative 
gradient, of the theoretical error eurve to the right. It can 
be seen from the results that this improves the correlation 
between test results and theory. 
The parameter of ~rms used to define pulsation 
ZSp 
amplitude for the tests shown in figures 42, 43 and 44 is ~ot 
an easily used ratio for theoretical considerations. Both 
.t1 r ms and.1p are variables and hence this ratio is difficult 
to control. In practice however, where only differential 
pressure readings are available, one has no choice but to use 
the .6rms 
AP 
term since tls is not available. It can therefore 
be seen that the results shown in figures 42, 41 and 44 nrc of 
great practical importance since from this measurable value 
of pulsation amplitude the total error can be predicted. 
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Considering first the results obtained with the 
1.027 inch orifice they are seen to agree very well with 
the theoretically predicted error. It is interesting to 
note that there is no notiJeable variation with Strouhal 
Number, which is to be e~pected since the maximum value of 
was less than 0.07. 
From the results of both the 2.000 and 2.jOO inch 
orifices it is possible to detect diminishing total error, 
at constant pulsation amplitude, for increase of Effective 
Strouhal Number. The predicted decrease in magnitude of the 
total error is not very great at these comparatively low 
values of pulsation amplitude. However, the trend is still 
noticeable among these results. 
Comparing this series of three graphs with t]1C common 
theoretical error curve it is clearly seen that as the orifice 
diameter increases the magnitude of the total error, at 
constant pulsation amplitude, decre~ses. The value of J does 
however increase with enlarged orifice diameter and hence t]IC 
tbeoretical error magnitude would decrease. 
The independance of the error from Reynolds Number 
effects, within the range 65,000 to 114,000, is again 
demonstrated by all these three sets of results. 
The extremely good agreement between the reSlllts and 
the theoretical error curves does therefore offe~ great hope 
for accurately predicting pulsating flow error at values of 
Arms 
~p 
less than 0 •. 6 and Effective Strouhal Number below 0.05. 
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The resul ts shown in figures l15 and 46 demonstrate 
that as the Effective Strouhal Number increases the value 
of the residual error becomes increasingly negative. Some 
positive residual error is observed, particularly with the 
pulsation amplitude of ~~ = 1.5. Since at this large 
As 
amplitude, flow reversal is present, particularly at outer 
annuli (see section 3.3.0), positive errors are consistant. 
For flow "backwards" through the orifice a higher value of 
CD would be obtained because of the bevelled edge. Hence 
the reverse flow would tend to be underestimated and a 
higher mean "forward" flowrate subsequently calculated. 
Once again as with all other results no significant 
Reynolds Number Effects can be distinguished. 
Considering the sinusoidal pUlsation results, the 
only groups of results with a known waveform, the recorded 
error correlates very well with the theoretical error curvc. 
One exception was at the higher value of .6 rms = 1.5 when 
21s 
flow reversal was probably taking place at the lower values 
of frequency. There is also greater deviation from the 
sinusoidal theoretical error at the higher values of Effective 
strouhal Number, (Hfd above 0.12 was only obtainable with 
Ud 
the pulsation amplitude of ~rms = 1.0). In these cases 
.As 
examination of the tabulated results shows a sjgn~ficant 
second harmonic-vclocity amplitude. It is thcrefore suspectcd 
that the measured error cannot strictly be equated with the 
sinusoidal error curve. 
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The values of 1a to obtain best agreement between 
d 
the test results and the theoretical error were again 
determined. The values of effective length to orifice 
diameter ratio were once more found to be 0.5 for Arms = 1.5 
As 
and 0.8 for ~rms = 1.0. These values agree with those 
L1s 
previously found from the variation of total error "\~i th 
Effcctive Strouhal Numbcr. This agreement proves that the 
ratio of ~ must vary with pulsation amplitude. 
d 
From the limited results presented here it would 
appear that the effective length of an orifice, subjected to 
pulsating flow, is somehow related to the inverse of the 
pulsation amplitude. For both amplitudes of pulsation studied 
slightly greater errors, at the same value of Effective 
Strouhal Number, were experienced with the 2.500 inch orifice 
than with the 2.000 inch orifice. It is therefore likely 
that the effective length is also dependent upon the orifice 
to pipe area ratio. 
The results suggest that h does not vary with Heynolds 
d 
Number, within the range 72,000 to 114,000, but no such 
assumption can be made about waveform. Indeed, to exactly 
correlate the non-sinusoidal results with the theoretically 
calculated residual errors, it would be necessary to evaluate 
equation 27 for each individual waveform as measured by the 
centre line velocity harmonic amplitude values. Furthermore 
the three functions evaluated represent "regular" waveforms 
rathcr than the more random harmonic amplitudes likely to be 
encountered in practice. It is therefore very difficult to 
compare the large number of experimental. results with the 
152 
theory, but, the two non-Binusoidal theoretical error curves 
do illustrate how the errvr can deviate from that obtained 
under sinusoidal conditiors. 
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4.0. GENERAL CONCLUSIONS 
In order to effectively investigate the errors due 
to flow pulsations it is essential to eliminate other 
sources of error. The major area for possible production 
of spurious error is in the generation of the flow 
pulsation to be investigated. Indeed, here as elsewhere, 
it is imperative not to produce swirl or other forms of 
asymmetric velocity profile. It is also essential that 
great care is taken wi th the instrum.ent readings and tha t 
a constant check is kept on zero and calibration drift. 
Short transducer leads should be used to avoid 
dynamic magnification and hence incorrect indication of 
pulsation amplitude as given by the r.m.s. value. 'rIds 
problem is of particular importance under non-sinusoidal 
pressure pulsations when there is a need for the transllllcer 
system to respond to harmonics of the fundamental forcing 
frequency. Generally the quarter wavelength resonant 
frequency, associated with the pressure lead lengths, Sllould 
be at least five times greater than the highest frequency, 
includjng harmonics, required to be measured. 
During this current piece of work no significant 
correlation was found between the upstream velocity profile 
and metering error under pulsating flow conditions. (This 
statement refers to the velocity profiles that existed 
during the current, and previous, test programmes~ No 
attempt was made to purposely alter the profiles to study the 
results). The major result to emerge from the upstream 
velocity profiles was that flow reversal often occurred, 
under Inrge amplitude pulsation conditions, at outer annuli 
of flow, even when there.was no indication of reversal at tllC' 
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centre line of the pipe. Under such conditions the reverse 
flow sensing hot wire anemometer, developed during the 
course of this piece of work, is recommended in order to 
accurately monitor flow velocity. 
The velocity profile traverses downstream of the 
orifice plate revealed that it was very difficult to define 
and locate a "jet edge position". Since the term jet 
implies an area of higher mean flow, a mea.n flow measurement 
should best locate the jet edge. In practice it was found 
easicr to determine the peak value of the r.m.s. of velocity, 
from graphical representation of the velocity profiles, which 
is assumcd to coincide with the transition reg~on at the 
edge of the jet. It was noted from the results that, using 
the r.lII.s. value method, the orifice jet became narrower as 
pulsation frequency increased. There should therefore be a 
corresponding increase in the value of CD. Since CD is based 
on the diameter of the vena contracta, and this exact 
position is difficult to locate, it was not possible to 
adequately correct the discharge coefficient. In fact this 
would be an extremely laborious task to perform correctly. 
The value of pulsation amplitude is best defined, 
for controlled experimental investigation by the ratio tJ rms. 
LIS 
The r.m.s. value of the differential pressure is preferable 
since it varies lii th waveform and .6s is a constant for any 
given flowrate. In practice one is forced to use·the value 
of ~rms which is less preferable since it is a ratio of two 
lip 
variables. 
161 
Comparing the experimental results with the theoretical 
error predictions, the ratio of the orifice effective length, 
to orifice diameter, is less than unity. The ratio also 
decreases with increase in pulsation amplitude. 
All errors, within the range of parameters investigated, 
were independent of Reynolds Number. 
Using the pulsation amplitude parameter of 6rms the 
/J. s 
total error can be predicted with reasonable confidence for 
values of Strouhal Number below 0.05. Above this value of 
Strouhal }\umber the value of the total error decreases in 
accordance with the temporal inertia effect theory but 
considerable scatter of the ~xperimental results was obtained. 
Results of total error presented against the pulsation 
amplitude Drms ,obtainable in practice, show that for values 
lip 
of .6 rm s 
~p 
less than 0.6 the total error can be forecast. 
The residual error under pulsating flow conditions, 
excluding cases where flow reversal is present, is always 
negative. The magnitude of the residual error increases with 
increase of effective Strouhal Number. The magnitude of the 
residual error is also strongly dependent upon pulsation 
waveform.and it is therefore very laborious and difficult in 
practice to accurately predict the error. It doe3 however 
appear possible to present guidelines about the maximum residual 
error, likely to be encountered under given flow conditions, 
from the graphical results presented. 
162 . . 
REFERENCES 
1. A.S.M.E. 
"Fluid l-Ieters, Their ThE:ory and Application". 
A.S.M.E., Fifth Editio~, 1959. 
2. A.S.M.E. P.T.C. 19.5; 4-1959 
Supplement to A.S.M.E. Power Test Codes. 
Ch.4. "Flow Measurement." 
3. Bogema, ?of., Spring, B. and Ramamoorthy, M. V. 
"Quadrant Edge Orifice Performance - Effect of upstream 
Velocity Distribution." 
Journal of Basic Engineering, Trans, A.S.M.E., 
Series 0, Vol. 84, 1962. 
4. Bradbury, L.J.S. and Castro, I.P. 
"Some comments on heat transfer laws for fine wires". 
Journal of Fluid Mechanics. 1971. 
5. Bradbury, L.J.S. and Castro, I.P. 
"A pulsed-wire technique for velocity measurements in 
highly turbulent flows". 
Journal of Fluid Mechanics. Vol. ~9, part 4, 1971. 
6. B.S. 10112: Part 1. 
"Methods for the Measurement of Fluid Flow in Pipes; 
Part 1. Orifice Plates, Nozzles and Venturi Tubes." 
British Standards Institution, 1964. 
7. B.S. 1042: Part 2A. 
British Standards Institution, 1973. 
8. Collis, D.C. and Williams, N.J. 
"Two-dimensional convection from heated wires at low 
Reynolds Numbers." 
Journal of Fluid Mechanics, 6, 1959. 
9. Downing, P.M. 
"Reverse flow sensing hot wire anemometer". 
Journal of Physics E, Vol. 5, No.9, 1972. 
10. Downing,P.M. and Mottram, R.C. 
"The Effects of Flow Pulsations on Orifice Pla:te Flowmeters". 
Conference on fluid flow measurement in the mid 1970's. 
National Engineering Laboratory. 
11. Earles, S.W.E. and Zarek, J.M. 
"Use of Sharp - Edged Orifices for Metering Pulsating Flow." 
Proc. I. Meeh. E. 177, 37, 1963. 
163 
12. Earles, S.W.E., Jeffery, B.J., Williams, T.J. and 
Zarek, J. M. 
"Pulsating Flow Measurement using an Orifice )Ianometer 
System. " 
The Engineer, ·22nd Dec., 1967. 
13. Engel, F.V.A., and Davies, A.J. 
"Velocity Profiles and Flow of Fluids Through a 
Contracted Pipe Line." 
The Engineer, 166, p.720, 1938. 
14. Ferron, A.G. 
"Velocity Profile Effects on the Discharge Coefficient 
of Pressure Differential :t-Ieters." 
Trans. A.S.~I.E. Journal of Basic Engineering, 
September 1963. 
15. Fortier, A. 
"The Measurement of Pulsating Flows by Means of Pressure 
Difference Devices." 
Institute of Measurement and Control,-A Symposium on 
the Measurement of Pulsating Flow, 1970. 
16. Foster, K and Parker, G.A. 
"Transmission of Power by Sinusoidal Wave Motion 
Through IIydrolic Oil in a Uniform Pipe." 
Inst. :t-lech. Eng., IIydrolie Plant and Machinery Group, 
1965. 
17. Gessner, F.D. and Moller, G.L. 
"Response Behaviour of Hot Wires in Shear Flow." 
J. Fluid Mech., Vol. 47, Part' 3, 1971. 
18. Goldschmidt, S, and Ury, J.F. 
"The Influence of Transmission Line Geometry on the 
Measurement of Oscillatory Pressure." 
Institute of Heasurement and Control, A Symposium on 
the Measurement of Pulsating Flow, 1970. 
19. Grimson,J. and Hay, N. 
"Errors Due to Pulsation in Orifice Meters." 
Aero. J. of R. Aero, Soc., V. 75, 1971. 
20. Hodgson, J.L. 
"The Orifice as a Basis of Flow Measurement." 
Selected Engineering Papers, No. 31, I.C.E. 1925. 
21. Imrie, B.W. and Evans, R.A. 
"An Investigation of Resonance Conditions for Pulsating 
FIOlv of Air Through an Orifice in a Pipe." 
Measurement and Control, Vol. 6, 1973. 
164 
22. Jeffery, B.tT. 
"Pulsating Flow Through Orifices." 
Ph.D. Thesis, University of London, 1965. 
23. Johansen, F.C. 
"Flow Through Pipe Orifices at Low Reynolds Numbers." 
A.R.C., R & M, No. 1252, H.M.S.O. 1929. 
2 1i. ~faskell, E. C. 
"A Theory of the Blockage Effects on Bluff Bodies 
and Stalled Wings in a Closed Wind Tunnel." 
Min. of Aviation, Report and Memoranda No. 3~00, 1963. 
25. Mc.Cormack, P.D. 
"Confined Flow Velocity Profiles in the Presence of 
Vortex Rings." 
The Physic of Fluids, Vol. 13, No.8, 1970. 
26. Moseley, D.S. 
AGA Project NQ-15 
Orifice Hetering of Pulsating Gas Flow. Technical 
Report No. 11. 
"Experimental Programme Utilizl.ng a Special Purpose 
Water rrest Facility." 
Soutlnvest Research lnsti tute, 19r;Q. 
27. Moseley, D.S. 
"Measurement Error in the Orifice Meter on Pulsating 
Water FIO\v." 
A.S.M.E. Flow Measurement Symposium, Pittsburgh, 
U. S.A. 1966.· 
28. Mottram, R.C. and Zarek, J.M. 
"The Behaviour of Orifice Plate and Venturi-Nozzle 
Meters Under Pulsating Air Flow Conditions." 
Institute of Measurement and Control, A symposium on 
the Measurement of Pulsating FlOW, 1970. 
29. Mottram, R.C. 
"The Measurement of Pulsating Flow using Orifice Plate 
Meters." 
Symposium of Flow, A.S.~I.E., I.B.A. NBS, 
Pittsburgh, Pennsylvania, U.S.A. 1971. 
30. Mottram, R.C. 
"The Behaviour of Orifice and Venturi-Nozzle Meters in 
pulsating Flow." 
Ph.D. Thesis, University of Surrey, 1971. 
31. Nesbitt, M.V. 
"Correcting Orifice ivlcters for Pulsating I"l(Hv." 
Engineering, 1956. 
165 
32. Oppenheim, A.K. and Chilton, E.G. 
"pulsating Flow Measurements - A Literature Survey." 
Trans. A.S.M.E. 1955. 
33. Ower, E. and Pankhurst, R.C. 
"The Measurement of Air Flow." 
Pergamon Press, 4th Ed. 1966. 
34.· Perry, A.E. and Morrison, G.L. 
"A study of the Constant-Temperature Hot-Wire Anemometer." 
J. Fluid Mech., Vol. 47, part 3, 1971. 
35. Perry, A.E. and :Horrison, G.L. 
"Static and Dynamic Calibrations of Constant Temperature 
Bot-Wire Systems." 
J. Fluid Mech, Vol. 47, part 4, 1971. 
36. Rayleigh, Lord. 
"Theory of Sound". Vols. I and II. 
Mac~lillan & Co. Ltd. London, 1940. 
37. Richardson, E.G. and Tyler, E. 
"The Transverse Velocity Gradient ~ear the ~fouths of 
pipes in which an Alternating or Continuous Flow of Air 
is Established." 
Proc. Phys. Soc. London, Vol. /J2, 1929. 
38. Sparks, C.R. 
"Analytical and Experimenthl Investigation on the 
Response of Orifice Meters to Pulsating Compressible 
Flow. " 
Final Technical Report, AGA Project NQ-15 
Southwest Research Institute,' 1961. 
39. Sparks, C.R. 
"A Study of Pulsation Effects on Orifice :t-Ieteri ng of 
Compressible Flow." 
A.S.M.E. Flow Measurement Symposium, 1966. 
40. Spencer, E.A. and McNulty, P.J. 
"Initial Tests on Two and Six Inch Orifice Plntes." 
Mechanical Engineering Research Laboratory. Fluids Note 
No. 61. . 
41. Wallace, F.J. 
"pulsation Damping Syste~s for Large Reciprocating 
Compressors and Free-Piston Gas Generators." 
Proc. Institution of Mechanical Engineers, VoL 174, 
No. 33, 1960. 
112 • Wallace, Ii'. J . 
II Pre SSlll'e }luI sa tions in Reciprocating COIllPl'C SSOI' 
Delivery Systems. 1I 
Journal of Mechanical Engineering Science, Vol.S, NCl. ~, 
19Gb. 
166 
113. Williams,. T.J. 
"Pulsation Errors in Manometer Gauges." 
Trans. A.S.1-1.E., Vol. 78, 1956. 
44. Williams, T.J~ 
"Secondary Elements for Orifice Flow Meters Under 
Pulsating Conditions." 
Document 37, 1S0/TC30/WG4. 
International Organisation for Standardisation, 1967. 
45. Williams, T.J. 
"Behaviour of the Secondary Device in Pulsating Flm" 
Measureme-nt. " 
A Symposium on the Measurement of Pulsating Flow, 
Institute of 1-leasurement and Control, 1970. 
46. Zanker, K.J. 
"A Review of the Work of J.L. Hodgson on the Measurement 
of Pulsating Flow." 
A Symposium on the Measurement of Pulsating Flow, 
Institute of Measurement and Control, 1970. 
4.7. Zarel\:, J.~f. 
"Netering Pulsating FI01tJ-Coefficients 1.'01' Sharp-Edged 
Orifices." 
Engineering, January, 1955. 
48. Zarek, J .J.f. 
"The Neglected Parameters in Pulsating Flow Neasurement." 
A.S.M.E. FI01tJ }Ieasurement Symposiul'l, Pittsburgh, 1966. 
167 
APPENDICES 
168 
APPENDIX I 
Balancing of the Pulsator Rotor 
At low speed any out-of-balance that remainrd in the 
pulsator after the addition of the balance crank, ~ee section 
2.2.2, was insignificant. When however there was a need to 
maintain very accurate successive cycle times, as when using 
the Solartron mechanical reference synchroniser, see section 
3.5, or high frequency pulsation was required, it was necessary 
to improve the rotor balance in order to reduc~ the vibration. 
The rotor out of balance was monitored by means of a 
Wayne Kerr vibration head, rigidly supported from the ground, 
recording the displacement of the rotor main bearing housing. 
Balance \veights of various masses were bol ted to thc rotor at 
one of several numbered positions on the hub circulIIJcl'cncc, 
and the stroke length against vibration characteristics were 
investigated. Figure Ai shows the resulting Vibration, 
throughout the pulsator stroke range, with the balance weights 
at various pOSitions around the rotor hub. Thcse rcsults are 
tabulated below for the best rotor balance throughout the full 
range of pulsator stroke lengths. 
stroke range Balance weight Hotor hub posit jon 
Turns Pounds 
0 to 25 .1. 5 8 
25 to 53 i . 6 
53 to 85 . 2 6 
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APPENDIX III 
upstream Velocity Profile Measurements and Results 
Anemometer· entry into the upstream test sect~on of 
pipe lvas made through a threaded plug, screwed into a boss 
welde~ to the pipe surface, and a P.T.F.E. sliding seal. 
The probe was sprung mounted such that it was forced outwards 
from the pipe against a 2 inch range micrometer head rigidly 
clamped to the pipe external diameter. Sec figure A2. Hence 
by usc of this micrometer, the largest scale length available, 
and an accurate spacing piece, the total diameter of the pipe 
could be accurately traversed. 
In order to position the delicate hot wire of the 
velocity probe accurately at the centre line of the pipe two 
transparent plastiC discs were turned to make a slide fit 
within the machined bore of the upstream pipe test sectibn. 
These two discs lvere separated by approximately two inches 
and supported by two bolts joining them together. Each disc 
had a .007 inch diameter hole through the centre such that by 
sighting through both these holes the probe could be pOSitioned 
to record velocities on the centre line of the pipe. See 
figure A3. Successive attempts to position the probe at the 
centre of the pipe cross section yielded a ~otal error of 
less than ± .003 inch. From this determined centre line 
position and the measured bore diameter of the pipe test 
1 
section the appropriate ten annuli positions were calculated 
and set by usc of the micrometer head. 
Considerable care had to be taken in order to obtain 
valid vclocity profiles. Not only was it very difficult to 
rccord mean velocity values under heavily pulsating conditiollS, 
especially towards the edges of the pipe where the mean flow 
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velocity was low, but also as the particular flow conditions 
had to be maintained over a period of perhaps twenty minutes 
whilst the profil~ was compiled. 
The anemometer flow reversal sensing instrumentation 
also .gives a visible indication of flow reversal, by panel 
bulbs on the voltage comparator unit. The readings included 
in this appendix are marked, by \ for heavy and \ for light 
flow reversal, as detected by the probe. It will be noted 
from the results that the r.m.s. value does not djminish as 
rapidly as does the mean velocity as the probe is moved away 
from the pipe centre line. This thereforc implies that flow 
reversal is more likely to occur towards thc waIl of the pipe, 
and is confirmed by the reverse flm\' visual indicator. 
Since even after empirical refinelllent of the hlockage 
correction factor, determined under steady flow condJtions, 
some profiles appeared to be inexplicably unsymmetrical ahout 
thc centre line several tests were repeated with the test 
section inverted and the probe inserted from heneat}l the pipe. 
This revealed that when large flow pulsations were present, 
and flow reversal took place, the probe was only effective 
over the first half of the profile, when only a short length 
was projecting into the flow. This is due to the disturbance 
caused by the probe itself, as during flow reversal the 
disturbed flow is drawn back past the probo oausing an orror 
in the_recorded values. To overcome this error the values of 
'-1 
~ and ~ were calculated from readings obtained from tho probe 
c 
during traverse from the lvall of entry to the pipe centre 
line. 
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A simple check of the accuracy of this method can be 
made by comparing the values of u, after correction for day 
to day calibration variation, for the range of tests 
I.er-formed at anyone flowratc. 
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